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LIST OF SYMBOLS

Horizontal area over which water spray is distributed

Constants in the exponential spray drop distribution function. (Primes indicate corresponding

parameter for surfactant treated spray).

Brightness of the background horizon and object, respectively.
Specific heat

Diameter of fog or spray drops; diffusivity of water vapor in air
Diameter of equivalent volume sphere

Drop major (horizontal) axis

Drop minor (vertical) axis

Collection efficiency

Collection efficiency of surfactant treated drops; integral mean collection efficiency
Collision efficiency

Non-dimensional “ventilation coefficient”

Non-dimensional “ventilation factor” for mass transfer

Fraction loss of droplets in spray. (Prime indicates corresponding parameter for surfactant
treated spray)

Substitution parameters in fog removal formulation. (Prime indicates corresponding
parameter for surfactant treated spray)

Extinction factor; thermal conductivity
Length of spray curtain

Liquid water content

Latent heat of condensation

Mass of the drops

Mass of a drop

Number concentration of fog or spray-drops

Reynolds number
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Schmidt number

Weber number

Concentration of fog droplets

Initial concentration of fog droplets

Pressure

Water spray rate

Spray drop radius

Radius of equivalent volume sphere

Fog droplet or particle radius

Mean droplet radius

Surface area of fog or spray drops

Saturation ratio of moist air

Temperature

Temperature of air

Initial temperature of falling water drop

Time

Velocity of drop

Change in velocity

Component of wind velocity normal to the spray curtain
Total volume of water sprayed

Volume of water dispersed into drops of radius R
Standard meteorological visual range

Initial horizontal separation of drop centers on a grazing trajectory
Height above ground

Particle size parameter; constant in drop terminal fall speed relation
Constant in drop terminal fall speed relation
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Drop axis ratio (vertical/horizontal)
Equilibrium drop axis ratio

Constant in drop terminal fall speed relation
Threshold of contrast; coalescence efficiency
Wavelength of light

Kinematic viscosity of air

Pi= 3.141592...

Density of air

Density of liquid water

Saturated vapor density at temperature T

Summation

Total extinction coefficient; surface tension for untreated and surfactant treated spray

Thermal relaxation time constant
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TECHNICAL PAPER

DEVELOPMENT TESTING OF LARGE VOLUME WATER SPRAYS
FOR WARM FOG DISPERSAL

1.0 INTRODUCTION

Since Space Transportation System (STS) launches and landings are conducted along fog prone
coastal areas, there is a potential for costly disruption to the Space Shuttle schedule due to incidence of
fog (Fig. 1-1). Launch delays imposed by visibility restrictions at the return to launch site (RTLS) loca-
tion can result in failure to meet narrow launch window constraints. Likewise, low visibility at the
landing site can postpone a landing or cause diversion to an alternate site resulting in a five to seven day
schedule delay for the following mission. As the frequency of Shuttle flights increases and as launches
are initiated from the West Coast where fogs are more prevalent, the potential for fog induced disruptions
will rise.

Disruptions resulting from low visibility due to fog are not unique to the Space Program. Even
with the recent technological advances made in electronic aids, fog is still the most serious natural hazard
to navigation whether by land, sea, or air. For example, direct costs attributable to fog disruptions at
Los Angeles International Airport (LAX) alone, exceed $3,000,000 annually (in 1975 U.S. Dollars);
indirect costs at LAX exceed $13,000,000 annually [1]. Loss of human life in occasional fog related
aircraft accidents cannot be measured in monetary terms.

In an attempt to minimize these disruptions many fog dispersal schemes have been proposed and
tested in the past, but with only limited success. Supercooled fogs can now be dispersed operationally,
but these represent a very small fraction of the cases of interest. No satisfactory operational methodis
presently available for dispersing warm fogs, i.e., the most common type fogs. More than a decade ago
it was concluded that no successful warm fog dispersal technique other than a brute force method is
possible because of the thermodynamic and physical stability of these systems {2,3,4]. Despite this
restriction there remained optimism that an operationally useful technique would eventually be developed
[4].

Recently, a new brute-force method of warm fog dispersal has been proposed [S5]. The method
uses large volume recycled water sprays to create curtains of falling drops through which the fog is
processed by the ambient wind and spray induced air flow. Fog droplets are removed by coalescence/
rainout. The efficiency of the technique depends upon the water drop size spectra in the spray, the
height to which the spray can be projected, the efficiency with which fog-laden air is processed through
the curtain of spray, and the rate at which new fog may be formed due to temperature differences
between the air and spray water. This paper describes a small field test program which was implemented
to investigate these effects. The project was undertaken to develop the data base necessary to assess the
feasibility of the proposed method. Analytical calculations based upon the field test results indicate that
this proposed method of warm fog dispersal is feasible. Even more convincingly, the technique was
successfully demonstrated in the one natural fog event which occurred during the test program.

2.0 BACKGROUND

By accepted definition the term “fog™ is given to any cloud that envelops the observer and
restricts his horizontal visibility to 1 km or less. Fog is usually a localized event. Both the moisture and
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cooling required for its formation are affected by local geography and meteorological conditions. Since
fog consists of a suspension of numerous very small water droplets or ice crystals, it can, from the stand-
point of dispersal, be categorized according to its composition and temperature as ice fog, supercooled
fog, or warm fog. An ice fog is comprised of ice particles and rarely exists at temperatures warmer than
-25°C. Therefore, its existence is limited to winter months at the very highest latitudes. It results almost
entirely from water vapor introduced into the environment by human activity. Thus, it can be effec-
tively prevented by controlling the man-made particle and moisture sources that lead to its formation.

Supercooled fogs are composed of water droplets in colloidally-stable equilibrium with their
environment at below-freezing temperatures, i.e., colder than 0°C. They are by far the simplest to
disperse. Although they are colloidally stable they exist in a thermodynamically metastable state; the
transition to the lower energy ice phase is easily induced. If ice crystals are introduced into a super-
cooled fog they grow rapidly by vapor deposition at the expense of the surrounding water droplets since
the equilibrium vapor pressure over ice is less than that over water at the same temperature. Thus, the
water droplets are evaporated and the resulting ice crystals become large enough to be removed by
gravitational settling. The final result is dispersal of the fog. Ice crystal formation is usually induced by
airborne seeding with dry ice, i.e., solid carbon dioxide, or by ground-based propane systems which
depend upon the instantaneous vaporization and expansion of the liquid propane to produce ice crystals
at temperatures as warm as -1°C. Operational systems which exploit this principal have been in use at
airports since the early 1960s.

Warm fogs, which are comprised of water droplets at above-freezing temperatures, develop when
air cools or has its moisture content increased sufficiently to cause saturation in the presence of an
adequate concentration of condensation nuclei, They occur throughout the United States but most fre-
quently in coastal areas. They are by far the most common type of fog, accounting for 95 percent of
the occurrences in this country. However, no satisfactory operational method for dispersing these fogs

has ever been developed due to the fact that they are both colloidally and thermodynamically stable.

Warm fogs are often classified according to their formation mechanism. Those initiated primarily
through cooling of the ambient air are called air mass fogs. This classification is subdivided according to
the dominant cooling mechanism into advection, radiation, and upslope fogs. Radiation fogs are charac-
teristic of inland valleys. Upslope fogs are dependent upon gradual orographic lifting. Typically, advec-
tion fogs occur along coastal areas or near other large bodies of water. This is a consequence of warm,
moist air cooling as it passes over cold ocean currents. The California current, for example, is responsible
for the high fog frequency during summer months along the California coast. Fogs formed by saturating
the air through addition of water vapor, such as occurs when warm rain falls through cold air at a frontal
surface, are called frontal fogs. Quite often more than one formation mechanism is operative, with one
process being dominant. The physical properties of the fog are usually related to its dominant formation
mechanism as well as to the number of available condensation nuclei. High nuclei concentrations charac-
teristic of continental or polluted air typically result in large numbers of small fog droplets. It should be
noted, however, that fog properties can vary considerably with fog type and age. In general, radiation
fogs have a high concentration of small droplets and are associated with light winds. Advection fogs,
on the other hand, have larger droplets but at a lower concentration and usually higher wind speeds.
Table 2-1 gives typical values for the physical properties of these fogs.

The objective in dispersing fog is to improve the visibility or visual range. The theory of visual
range and the relationship to the various fog parameters is discussed in Appendix A1.0. Equation (2.1)
defines the standard meteorological visual range, Vi, as the distance at which a black target can just be

detected against a horizon sky in daytime with a contrast threshold of 2 percent, i.e.,
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where K is the extinction factor, i.e., scattering efficiency of a fog droplet; N is the number concentra-
tion of fog droplets; r is the fog droplet radius; and the summation, Z, is taken over all fog droplets.
For visible light and spherical fog droplets, the scattering efficiency has a constant value of approximately
two. Note that the visibility can be improved by decreasing the number concentration of droplets, by
decreasing their size, or by both. Modification techniques which decrease the number concentration must
do so by physical removal, whereas, a reduction in droplet radii is accomplished via evaporation.

TABLE 2-1. WARM FOG CHARACTERISTICS

Fog Type
Fog Parameter Radiation Advection

Average droplet diameter (um) 10 20
Typical droplet size range (um) 4-35 7-80
Equivalent water content (g m-3 ) 0.11 0.17
Droplet concentration (No. cm'3) 200 40
Horizontal visibility (m) 100 300
Typical wind speed (m s'l)

Near the ground 0.5-1.5 1.0-3.0

At25to 50m 1.0-3.0 2.0-6.0

The clearing requirements, i.e., the size and shape of the volume in which visibility improvement
is required for an operational warm fog dispersal system, varies considerably with the engineering applica-
tion. Therefore, discussion here will be confined to runway clearing for Space Shuttle and aircraft applica-
tions. Even in this case the amount of visibility improvement required and the height to which it must
be effected depend upon the level of sophistication of the electronic landing aids present along the run-
way and aboard the aircraft. The least sophisticated systems, called Category I landing systems, require a
minimum visibility of 730 m (2400-ft) and a decision height of 60 m (200 ft). The more elaborate
Category II systems require visibilities of at least 365 m (1200 ft) and a decision height of 30 m (100 ft).
The most sophisticated systems, Category III, are subdivided into three categories. Category III a, b, and
¢ systems have no decision height specification but require minimum visibilities of 215 m (700 ft), 45 m
(150 ft), and 0 m, respectively. All major airports in the United States have at least Category I landing
systems and several have Category II systems. However, Category III systems are a rarity or operationally
nonexistent. Thus, to meet Category II requirements along a typical Shuttle runway (70 m wide by 5 km

long) the volume to be modified is approximately 107 m3 . Since an ambient wind of order 1 m s'1 can
refill this volume every minute, any effective fog dispersal system must be able to process tremendous
volumes of air.

Promising dispersal techniques investigated in the past include seeding with hygroscopic material
such as salt particles; using high voltage wires, charged “bubbles,” or charged particle generators to
modify the electric field structure; using heaters, burners, and jet engines to evaporate the fog droplets;
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using helicopters for mixing dry air downward into the fog; and dropping water from an aircraft in order
to remove the fog through coalescence. The thermokinetic technique in which fog droplets are evaporated
by undersaturating the air is currently regarded as the best method available. Undersaturation is achieved
by either heating the air or mixing it with drier air. This is a very expensive operational method and
produces considerable environmental pollution. Although the method has been known for over forty
years, it is routinely used at only one airport in the world. The other techniques have the characteristic
of being ineffective on a large scale, cost inefficient, producing considerable environmental pollution, or
they simply did not work effectively in the configurations tested.

3.0 DETAILED DESCRIPTION OF NEW METHOD

In the proposed new method, large quantities of water, i.e., approximately 6300 liters per second
per kilometer of runway (100,000 gallon per minute per 3300 ft), are propelled vertically to a height
sometimes in excess of 75 m (250 ft) via a plurality of high capacity nozzles arranged strategically
alongside the runway or other area to be cleared. Figure 3-1 is an artist’s simplified concept of the system
installed along an Orbiter runway.

Since the spray drops are substantially larger than fog droplets and have a terminal velocity one to
two orders of magnitude greater, spray drops will overtake and collide with individual fog droplets as
they fall toward the ground. When fog and spray drops coalesce upon collision, the fog is partially dissi-
pated. Each spray drop removes several hundred fog droplets before impacting the ground. Thus, the
fog is dissipated resulting in a visibility improvement on either side of the water curtain. In the example
of a Shuttle or aircraft runway, a water retrieval system may be used to collect the water upon its return

to ground and place it into reservoirs for recirculation.

Because fog is nearly always accompanied by a light wind, =1 m s1 or greater, and the water
curtain induces its own air circulation, it is not necessary to have the water spray directly on top of the
area to be cleared. The ideal arrangement of the vertically-directed nozzles is in rows parallel to the
runway with more active nozzles on the upwind side. In this configuration, the fog is processed through
a curtain of water spray created by the water jets. All of the air to be cleared is acted upon directly.
The falling water spray induces a downward airflow which causes a circulation of the air on both sides
of each curtain. This is important because, as Figure 3-1 illustrates, with water curtains installed on either
side and parallel to a runway, there is a convergence of processed air and net upward flow over the center
of the runway. Thus, the induced air flow helps process the fog through the curtain sprays, inhibits the
entrainment of fog into the cleared volume from above, and impedes movement of the smaller spray
drops into the targeted clearing volume.

In this process the removal of fog droplets and concurrent visibility improvement increase in pro-
portion to the quantity of water sprayed. The efficiency and therefore the total water spray requirements
for the desired degree of clearing depend upon the size spectra of the spray drops. A simple analysis,
assuming a monodisperse water spray, is now presented to show that the optimum spray drop size is
between 0.3 mm and 1.0 mm diameter and to illustrate the principles involved. The more complex
mathematical formulation which describes this process for a polydisperse spray distribution is presented
in Appendix A2.0.

Consider a monodisperse water spray uniformly distributed over a horizontal area A and falling
under the influence of gravity. The air motion induced by the falling spray is ignored in this illustration.
The total number of drops, N, with radius R sweep out the fog droplets in an effective cross-sectional
area N7R2E where E is the collection efficiency of the collector drops for fog droplets. If AV is the
volume of water dispersed into drops of radius R then
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AV
N =

—_ (3.1
4/3 7R3
The fraction of fog droplets removed in the curtain of spray is
An _NrRZE _ 3EAV G.2)
n A 4RA '

This fraction is independent of the concentration n. Continued spraying will result in a logarithmic
decrease in concentration, i.e.,

n = n, exp(-3EV/4RA) , (3.3)

where n, and n are the initial and final fog droplet concentrations, respectively, and V is the total
volume of water sprayed.

If a fog moves at uniform velocity, u, through a spray curtain uniformly distributed along a

length, L, and having a total water flow rate, Q, per unit time, then in time, t, a volume, Qt, of water

exr2l1t lann I Vleenen A T
will be delivered on an arca, Lut, of the fog. Thus,

n = n, exp(-3EQt/4RLut) , 3.4

or
=n, exp(-3EQ/4RLu) . (3.5)

Equation (3.5) shows that removal of fog is inversely proportional to the wind speed and directly pro-

portional to the volume flow rate of spray per unit length of curtain (Q/L). Solving equation (3.5) for
Q, the water flow rate per unit time, gives

-4RLu
_ ( a >ln(n/n0) . (3.6)

If 90 percent of the fog droplets are removed n/n0 = 0.1 and In (n/no) = -2.30. If only 70 percent of
the fog droplets are removed In (n/no) = -1.20. Letting L=1m, u= 100 m min"! = 1.7 m s'l, and
assuming 90 percent removal of fog droplets, this equation reduces to

Q =0.0812 R/E (GPM) , 3.7)



where R is the collector drop radius in um, E is the collection efficiency (fraction) of this collector
drop for a fog droplet having radius r (um), and Q is the water flow rate required in gallons per minute
for each meter length of spray curtain. Best available values for the collection efficiency of collector
drops for fog size droplets are given in Table 3-1 (see Appendix A3.0).

Using this information and equation (3.7), the volume of curtain water spray required for 90
percent removal of fog droplets per meter length of runway for a fixed cross-wind component of 1.7

m s has been computed for various monodisperse water sprays and monodisperse fogs and is given
in Table 3-2. For only 70 percent removal of fog droplets, values in Table 3-2 should be halved.

This simple analysis utilizing a monodisperse water spray serves to indicate the primary factors
which determine the effectiveness of this technique and provides an estimate of the scale of the required
system. The more complete analysis for a polydisperse spray presented in Appendix A2.0 yields the same
physical dependencies. In fact, the same equations can be used with the drop size and size-dependent
factors replaced by suitable mean values. An analysis, including the effect of the induced air flow, was
not within the scope of this study but, in all cases, the effect is to increase the efficiency of the system.

Employing these results to determine the optimum spray size spectra, one wishes to minimize
the amount of spray water required while maximizing the visual range. From Table 3-2 alone, it would
appear that 50 or 100 um radius collector drops are optimum for all but the very smallest fog droplets.
However, other considerations must be taken into account. The water spray should not be carried by
fluctuating winds into the targeted volume where it would reduce the overall effectiveness of the clearing
process. For a given wind speed, the larger drops will drift only about one-tenth the distance that the

1

smaller ones will, i.e., 300 um radius drops fall with a terminal velocity of 2.5 m s°* whereas 50 um

radius drops fall at only 0.26 m sl (Table 3-2). The drift problem is minimized by the downward air
flow induced by the spray curtain. To sustain the beneficial spray induced air circulation and to
minimize drift of the spray, it is preferable to work with somewhat larger drops, i.e., 0.3 to 1.0 mm
diameter. Still larger drops give lower fog removal efficiencies per volume of water spray but otherwise
have no adverse effect if the sprays are recycled.

Recycling of the spray water is another important aspect of the current concept design. In
addition to being an important conservation measure, it also ensures that additional fog is not created
due to temperature differences between the air and the water spray. Since transient supersaturations
result when two volumes of air saturated at different temperatures are mixed, previously unactivated
cloud condensation nuclei (CCN) within the fog volume could, under some circumstances, be activated
resulting in additional fog. This effect is not likely to be significant in this application because the
combined surface area of the existing drops (i.e., spray drops plus fog droplets) is large so that recon-
densation on them will relieve the supersaturation without formation of additional fog droplets. (As
shall be seen later, this is substantiated by the test results.) However, there are valid arguments for main-
taining the spray water at the same temperature as the ambient air [6]. In some fog clearing situations,
the temperature of the reservoir water before activation of the pumping units may be substantially
different from that of the ambient air. By recycling the runoff water, the soil temperature in the runoff
area and then the reservoir water itself will approach the ambient wet bulb temperature with a time
constant which is site specific. This time can be minimized by reducing the volume of reservoir water
and the drainage area. Placing the pump inlet water lines in a location where they pick up the returning
runoff water also reduces effects due to initial temperature differences.
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4.0 DETAILED DESCRIPTION OF TEST AND RESULTS

This field test was the initial program to begin development of the recycled water spray fog dis-
persal technique. It was conducted October 16-25, 1984, at NASA’s Marshall Space Flight Center
(MSFC), Huntsville, Alabama. Although primary emphasis was placed on determining drop size spectra
of water sprays produced by individual commercially available firefighting nozzles, a linear nozzle array
was also set up to investigate air flow patterns, to measure the temperature response of the runoff, and
to test the fog dispersal concept should a natural fog occur during the two week test period.

4.1 General Set-Up

Fresh water was pumped from a 2 x 100 1 (500,000 gal) pond near a 37 m high test stand using
three mobile firefighting pumping modules developed jointly by NASA/MSFC and the U.S. Navy under
an unrelated program [7]. Each module is capable of supporting several high volume flow nozzles.
Figure 4-1 illustrates, in simplified form, the fire hose layout and nozzle configuration. Together the

three modules supplied 390 1 s'1 (6200 gpm) of water at 830 kPa (120 psi) to an array of 10 vertically
directed 3.5 cm (1 3/8 in.) ID nozzles to form a spray curtain 72-m long, 5-m wide, and 40-m high.
Alternately, a single module was used to supply water at pressures up to 1380 kPa (200 psi) to a varicty
of single nozzles.

Particle Measuring Systems, Inc. (PMS) optical array probes OAP-230X, GBPP-100, and other
instrumentation provided and operated under contract by the State University of New York at Albany
were used to measure the drop size spectra. More information on these instruments is presented in
Appendix A4.0. A smoke generator, furnished by the U.S. Army, and an extensive set of temperature,
pressure, and wind measuring instruments were used with the spray curtain to determine both the air
flow patterns induced by the water spray and the thermodynamics of the system. Tests were docu-
mented with color video, 16 mm cinema, and still photographs. Figures 4-2 and 4-3, photographs of the
water spray test area looking toward the north, were taken from atop the 123-m tall Dynamic Test
Stand adjacent to this test area. They show the overall features of both the area and the test setup.

To obtain drop spectra measurements, the water jet from a single nozzle was directed vertically
and propelled to a height sometimes in excess of 75 m before falling back to the ground as drops. The
larger drops (200 um to 12 mm) were sized along their horizontal dimension as they fell at terminal
velocity through the sampling volume of the PMS Ground Based Precipitation Probe (GBPP-100). The
other particle probes were equipped with aspirators. The probes and a tipping bucket rain gauge were
mounted on an I-beam platform that extended 7.5 m from the test stand (Fig. 4-3). The platform was
hinged to the test stand so it could be swung in for easy instrument access. It could also be moved to
different heights. The use of the platform prevented undue interference from drop splashing at the
ground or on nearby supporting structures. It also prevented ground effects on the air flow from affect-
ing the drop spectra measurements. Care was also taken to insure non-interference between instruments.
In general, only two probes and the rain gauge were mounted on the platform at any one time. Spectra
measurements were made throughout the main shaft of falling drops when the water jet was directed
vertically. They were also made in the curtain of spray which forms when the water jet is arched over
the instrument platform from a point as far away as 30 m to one side.

Figure 4-4 is a photograph of a typical single nozzle test as seen looking from east to west. It
shows the water jet emanating from a 3.175 c¢cm (1 1/4 in.) ID straight bore Style 489 nozzle operated
at 1345 kPa (195 psi) extending to a height of about 60 m before falling to produce a curtain of spray.
In this photograph the particle sizing probes are installed 11.5 m above the ground and are located in the

11
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Figure 4-4. Photograph of typical single nozzle test shows water being projected to a
height in excess of 60 m.
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curtain spray slightly to the left of the main water shaft. Signs on the left-hand foreground corner of the
test stand indicate the height above ground of the 7-, 11-, 14-, 17-, 20-, 23-, 26-, 29-, and 34-m levels (to the
bottom of each sign). The small building located on the 17-m level of the test stand housed the State
University of New York (SUNY) data acquisition hardware. This allowed a standard length data cable to
be used from the particle probes to the microprocessor. The trailer to the left of the test stand housed
the NASA/MSFC temperature, pressure, and wind recording data acquisition equipment.

4.2 Spray Nozzles Tested

Table 4-1 lists the single nozzles tested, the manufacturer’s style number, and the nominal dis-
charge volume at 690 kPa (100 psi). Their physical characteristics are described below and in Figures 4-5
through 4-13. All nozzles tested were manufactured by the Akron Brass Company. Figure 4-5 is a
photograph of the Style 417 nozzles. The three sizes shown from right to left are 1 in., 1 1/8 in., and
1 1/4 in. ID. The purpose of the black rubber bumper is to protect the nozzle tip from damage. Figure
4-6 shows a Style 417 nozzle attached to a chrome playpipe. The playpipe is shaped internally to give a
gradual transition from a large bore to a small bore. Its use was only required for the smaller nozzles.
In operation the nozzle or the playpipe is attached to a discharge pipe, Style 3488, which has full-length
stream shaping fins. Figures 4-7 and 4-8 show, respectively, an oblique and end-on view of the discharge
pipe with its stream straighteners.

The discharge pipe attaches to either a portable or a fixed monitor which permits the water
stream to be pointed in the desired direction by a single operator. The monitor usually has an attached
gauge which permits real-time observation of the water pressure. Figure 4-9 shows a portable “Apollo™
monitor, Style 3420, with an attached discharge pipe and “Quad Stacked” deluge tip, Style 2499. This is
the configuration used for each of the nozzles in the vertically directed array. This monitor which has a
single 3 in. waterway with a 2 1/2 in. discharge and two 2 1/2 in. clapper inlets, is designed for pressures

up to 1380 kPa (200 psi) and flows up to 751 sl (1200 gpm) when truck mounted. The quad stacked
deluge tip provides orifice options of 1 3/8 in., 1 1/2 in., 1 3/4 in., and 2 in. ID in one nozzle. The
1 3/8 in. orifice was used exclusively.

A heavier duty 4 in. monitor bolted on a portable trailer was utilized for the single nozzle tests
(Fig. 4-3). This permitted large volume flows to be used safely while still allowing considerable freedom
in the positioning of the nozzle. For all the tests described in this report, five of the ten pressure gauges
in the nozzle array were replaced with pressure transducers. These were Standard Controls Inc. Model
800-30, Type B sealed transducers with an operating range from 0 to 300 psi. The absolute accuracy was
better than *1.5 psi. The output with a resolution of 1 psi was read every 10 sec and recorded digitally
on magnetic tape. In addition, both a pressure transducer and a pressure gauge were utilized on the test
nozzle monitor.

Figure 4-10 shows three Style 489 plain deluge tip nozzles. From right to left the nozzle orifice
is 1 1/4 in., 1 3/4 in., and 2 in. ID. Since these nozzles attach directly to a discharge pipe, no playpipe
was required. Figure 4-11 shows one of three combination ‘“‘fog” and straight stream nozzles which we
tested. This particular one, called a “Black Widow,” Style 2145, has fixed teeth and is designed for a

single fixed flow. It was factory set for 31.51 g1 (500 gpm) at 690 kPa (100 psi). Figure 4-12 shows a
similar nozzle, Style 1750, called a “Turbojet.” This nozzle can be manually adjusted to one of four
constant flows; 350, 500, 750, or 1000 gpm at 690 kPa. When set in the full “fog” position, a fine
spray is produced by spinning turbine teeth. Figure 4-13 shows a third combination “fog” and straight
stream nozzle which was tested. This nozzle, Style 5050, called an “Akromatic 1000’ also has spinning
teeth but is configured a little differently than the Style 1750. It was operated at a setting of 1000 gpm.
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Figure 4-5. Photograph of small bore plain deluge tips (nozzles).

Figure 4-6. Photograph of small bore tip attached to playpipe.
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before entrance to the nozzle.

Figure 4-8. End-on photograph of discharge pipe shows stream straightening fins
which extend the full length of the pipe
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Figure 4-9. Photograph of “Apollo” monitor with discharge pipe and a Style 2499 “Quad Stacked”
nozzle. This is the configuration used for each of the nozzles in the vertically directed array.
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Figure 4-10. Photograph of three different sized Style 489 plain deluge tip nozzles.

Figure 4-11. Photograph of Style 2145 “Black Widow” fixed teeth nozzle.
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Figure 4-12. Photograph of Style 1750 “Turbojet” spinning teeth nozzle.

Figure 4-13. Photograph of Style 5050 “Akromatic 1000 spinning teeth nozzle.
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4.3 Single Nozzle Test Results

Table 4-2 lists the nozzles, operation parameters, test setup and ambient conditions for the drop
spectra measurement data which are presented in this report. Discussion will first be given to the type
nozzle used in all the nozzle array tests. Figure 4-14 shows a histogram of the drop spectra obtained
from the GBPP particle probe for this Style 2499 “Quad Stacked” (1 3/8 in. ID) nozzle. The same data
shown as a cumulative volume plot is presented in Figure 4-15. These and all other plots presented in
this report have been corrected for sampling volume edge effects, for the modified sampling volume due
to the addition of protective hoods on the GBPP, for the size varying sample volume due to the different
terminal fall speeds of the drops, and finally for drop flattening.

An example of the correction calculations required for the GBPP data is given in Appendix A4.0.
From Figure 4-14 it can be seen that a substantial number of drops were present at sizes as large as
8.5 mm. In fact, Figure 4-15 clearly shows that the volume median diameter was 4.5 mm, i.e., 50 percent
of the total volume was in larger drops. Although drop spectra presented in the format of these two
plots is easily interpreted and very useful for specific purposes, this format does not lend itself to pre-
sentation of data from both drop probes on the same plot without substantial loss of information.
Decade and/or logarithmic plots are more useful for this purpose. Figure 4-16 shows data from both
the OAP and GBPP instruments for this nozzle plotted on decade scales. The first y versus x plot shows

dN/dlogD (m'3 )versus D (mm). This gives information on the drop number concentration as a function

of the drop diameter. It is equivalent to plotting Log dN/dlogD (m'3 ) versus Log D (mm) on Log/Log
paper. It should be noted that these are all base ten logarithms. Utilizing the following expression,

equation (4.1), this data can readily be transformed to a plot of dN/dD (_m'3 mm'l) versus D (mm).
dN/dD = (1/D) (dN/dLoglOD) (1/2.302585) “4.1)

The second plot in Figure 4-16 gives information on the surface area of the drops while the third shows
how the mass of the total spray is distributed. Using this format, drop spectra from the various nozzles
operated at different pressures can all be compared using identically scaled plots. Figures 4-17 to 4-30
present data in this same format for several other nozzles. The nozzle type and operating pressure are
specified on each figure.

Drop spectra in these figures as well as in Figure 4-16 were taken in the main shaft of falling
drops. The spectral shape of these plots, especially from the plain deluge type nozzles, i.e., Styles 417,
489, and 2499, resembles that for natural rain. This is not surprising since the size distribution, in this
case, is primarily determined by aerodynamic breakup as the drops fall through the air toward the ground
and not by nozzle peculiar processes. Therefore, it is entirely understandable that the shape of the
spectra varies little with nozzle orifice size. Since the magnitude of the ordinate on these plots, number
concentration for example, is directly proportional to the volume flow rate of the nozzle and to the
extent to which the main shaft of falling drops is centered upon the sampling probes, it varies somewhat
from one nozzle to the next. A comparison of drop spectra from the Style 489 (1 1/4 in.ID) nozzle
operated over the pressure range 690 kPa (100 psi) to 1380 kPa (200 psi), i.e., Figures 4-18 to 4-22,
shows little systematic change with pressure. The spectra at the highest pressure does, however, suggest
that increased pressure in this range may slightly decrease the mean drop size. For a given nozzie orifice
greater pressures also result in increased projection height up to pressures of about 1380 kPa (200 psi)
[8]. Figure 4-31 shows spectra taken in the curtain spray of a Style 489 nozzle ( 1 3/4 in. ID) outside
the main shaft of falling drops. In this case the test nozzle was located approximately 25 m to the south
of the I-beam platform and the water jet was arched over the instrument platform at a height of about
35 m. Even in this case there is not a marked change in the drop spectra from that observed in the main
shaft of falling drops, i.e., Figure 4-23.
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Figure 4-14. Histogram of the drop spectra from the Style 2499 “Quad Stacked” nozzle
used to form the spray curtain.
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Figure 4-15. Cumulative volume plot of drop spectra from the Style 2499 “Quad Stacked” nozzle
used to form the spray curtain (same data as shown in Figure 4-14).

26




27

-adA} STy} Jo sem Aeile PojoalIp A[[EOT)IAA SU) Ul 9[zzou yoey ‘1sd GT[ e pajerado
o[zzou ([ 'ur g/¢ | o8npep urerd ,poxorls pend,, 664 91A1S 9y} woiy Aexds jo suonnquIsp aAnprIuasaIday -91- andig

(unu) @ (ww) g (ww) @
Ol 0L 0L 0L ZO0lL 0L L0l 0L 0L 0L Z0L  gOL AL 0L o0t 0L 0L Ol
T e 0L
(01
20L&
~ 1
- (2] r
. 015 3
3 o
_— * 3
R WOt d
” ¢O!
ot
£5:0L:CL G¢/0L/v8 ‘3WIL B 31va 1sd GZ1L  :34NSS3Yd
(66¥Z 3TALS) 3DNTIANIVId..8/E L ITZZON




0!

‘1sd ¢ 18 pojerado ajzzou 1 "ut [ a8nyop ureid /4 9[A1S € woij Aeids jo suonnquisip aanruasardoy /[ 2In3ig

(ww) g (ww) g (ww) a
(0L g0l [ OL Z0L gOL Ol Lot oot (oL zoOL gOL L 0L 0L 0L L0l gOL
GO [ 0 o0t
]
Ol hu
Lot
¢-0l ]
308
N.Q—.W .N W m
- o ] - s
- 5 R e
T LOLD q¢010 8
e \Gr ] \WI ©
- @ ] 3 F}
- 013 - ] N ,
- 0 o - —_— 3 3 W
- < S, 190 e -
.. (ot - ]
s - - 4.0
NQ—, s .m
ot 4 g0l

GZ:6C°El gz/oL/v8 3INIL B 3Lvda 1sd Gyl :3HNSSIYUJ

(LIy 3TALS) 3ONTIANIVIL ..l 3TZZ0N

28



‘1sd 001 18 porerado o[zzou (I "ul /1 | 98njep ure[d 684 °[A1S B WOy Aeids Jo suonnquUIsIp dAnRIUSSaIday Q[-p 2Indig

(ww) @ (ww) g
L0 I ,.0L ,0L ¢OL L oL oL ol oL ol L
o oot z £ 20 L 0 t z £
Py o0}
I
.0
g L 4
o ] -
3 — i 8
—..O—.S = NO—,G
o - 15
s R 1 3,
Oww. e - 3
0 ln\b T 3 QO—, mn.&
. .u.. E <01
P ]
3 @OP
XAYAXTAN €Z/0L/¢v8 IWIL "B 31va 1sd o0l :IHNSSIHJ

(68% 3TALS) 3DNT13AANIVId % L

100

(ww) @

o0l

(-0t

™
Q
-

<
o
{g-W) Q 907 P/NP

‘371Z2ZON

29




‘1sd Oz 1 e pajerado o[zzou (] ‘Ut §/] [ 98njep ureld g8 9[AIS B wolj Aeids JO SUOUINQLIISIP dANBIUASAIdRY 6 [-p 9IndIq

(g-w) @ 907 p/NP

(ww) @ (ww) @ (ww) @
L0t L 0L ,0L ¢oOL t oL oL ol ol oL L ,0L o0L ,.0L ,0L ¢OL
1 L z £ L 0 1 z £ l 0 1 z £
| 00! o0t
,0L
(0L
Z0t
L&
NQw €0l
e
o
[#]
0L O 401
El
S oL
5
eSw...,
g0t
oL
S
ol
g0t go!

GG:zz:LL  €£Z/0L/p8 FWIL™®3ILvVA isd 0ZL ‘IHNSSIHJ

(68¥ 3TALS) 3D5NTIA NIV ..% L 37ZZON

30



‘1sd ¢p1 e porerado ajzzou (] "ul H/1 | 38n[ep urerd 684 °[A1S B WO} Ke1ds Jo SuUOIINQLIISIP dANBIUISAIASY ‘OT-b 2In31g

(un) @ (ww) @ (ww) @
Ol Ol 0L 01 ZOL ¢OL Ot 0L 0L 0L gOL  gOL g0 0L g0l 0L ZOL ¢Ob

m.o— MBS AR LAl minoa il e mms AR E LALLSE SR S OQ— jii«l’iijj OO—
yOL M 1,00
- _.O—. .
g0l ] 101
1o m
- 70 E 1 m , {eorg
o - ] P , ] o
- - ] w “~ 4
- (@) - - ) .. r
« VoS Co- 182 ~ . 1v'8
R m N - E W —_— 1 o
) . b N 3 -
—— 3 - = - m ~N - m m.
., oc_. A L ; 3 — . .mOrl.\b
lll = . T QQ— lm& -n’ll.\\l .
.--u PO—. c. |\..I|.. — ] m QO—
.. \\\. ..”.....'.rnu. 3 mo— m
..1.\ NOF J 4 NOF
ﬂo_. wc_. wo_.

LY:6€:LL  €2/0L/¥8 TIWIL®ILVA isd Gyl IUNSSIHd

(68% 3TALS) 3O5NT13A NIVId ..%L 3TZZON

31




‘1sd G/ 18 pojerado ajzzou (] ‘Ul /[ 1 98njep ureld g8 9[AIS & woiy Aevids Jo suonnqLISIp sAneIUASAIdSY [T 2Indig

(ww) @ {ww) g {ww) g
ot 0L g0t 01 got ot ot o0t -0t 20t g0t 0t 0! o0t Ot zoOl g0t
Ejjijmb— CAELEETE 1A% o e 0L s o e s L B LALAR B B L OOP T T TP T T T T YT Y Oop
] 1 ]
1c0 ] i
“ -3 4,018 . E
. j,o¥ 122 : jcoig
1 Q 1 [ g < 9 ~
Z I - = 1Bl | =
e m—..o_.nu — 3 g0l O X 3 Qop%
- E -7 ] (X3 = = 4 3
. oopwe 3 oL 3 N . mop.w.
- ] e —— L Add - 3
- {0t - ] — g0t
-~ - 440
. N g 3
un. \1\-\ lm NQP .u. l\f| ] F NOF
= ) Sigp~ ] ]
4 o1 4 g01 F got

60:8-L1L

gz/oL/v8 IWILBILVA sdg/l 3HNSSIYd

(68Y 3TALS) 3IDNTAA NIV .. %L 372ZON

32




1sd 0Oz 1® pejerado ojzzou (] Ul /] [ 98njop ureid 634 J[A1S ® wolj Aeids Jo suonnquIsIp sAReIUsAIdY ‘TT-h a1ngr,J

(ww) g (ww) @ (ww) @
0L 0L 0L zOL gOL 0L 0L gL 0L ZO0L  gOL 0L 0L g0L Ol zZOL gOL

33

m.Qp AR T e A as s ansenn LS an s AR ® BN AE LALARE AR OO—. 1:11’111:3% QQ—‘
ot m 3 L0t
D POP m
g0t ] . P
) z0L | Eaagd ; Jeorg
- Q h [ g \ h s
s, -l- m - m w = - .M e
1-0Lo 4¢0L0 S L3
7 O - 1 )
—_ et - - { ©
- b R ] w - F 3
o 3 ™ -
- °°Fw9 = .ﬂ-u. lm Orw oY E mOPln\.su
- - = v ~ m
- FOP .h. - 1 — 3 @QF
1T EA = m
u\.kv NO_. e E s 3 NOP
I ot ¥ g0t g0l
€L:80-L1L €zZ/01/v8 3WILB3ILVA !sd 00Z :3HNSSIHd

(68% 3TALS) 3IDNT1IA NIVId .. %L :31ZZON




o

‘1sd G91 1B pojerado ofzzou (I ‘Ul ¢/¢ | 98n[ap uteld ¢8p 9JA1S B woI] Aeids JO sUOHINQLIISIP SAIIBIUISAIASY "€7-p 9B

L0t

(ww) g

o0t

{0t

z0!

(ww) g (ww) @
M.OP NO— —.OP OOP P.OP N.Q_. M.OP NO— POP OOP F.OP N.OP ﬂ.Q I
m.o— AAARELER I 0 A ey ol s s a0 OOF aij%%p ,
] ]
oL 3 4 PO_.
4 3 PO— “
n.o— .m NO—
m. —,W ]
g e {eong
a 4 r~ S 4 =
- 1 9 S i =
—..O_-m e 3 MO—.O r.l.)"l .m QOPm
\Or R 1 Wl —-— ] o
-} -~ “ s 3 -
oL3 e — E I — ;013
0 o 3 vcp w..b . “ w
oL - “ - ] oL
I - 1 " 19
5 E - 3
201 o 1° — 4,0
¢ot i 01 i o1
gezeZl  ve/oL/ve ANIL B 3ILVA 1sd G9L :3HYNSSIHd
(68 3TALS) 39NT3A NIVId ..%L :3T1Z2Z0N

34




‘1sd ¢g1 1e pajerado
ajzzou 80j (wds QpS) ..MOPIM JO®Id,, SH1T 91A1S B woly Aeids Jo SUONINQLISIP dANEIUSSAIASY H-p NSy

(ww) @ [ww) g

0L 0L 0L 0L 0L Ol Ol (0L g0t (oL 0L goOL
GOl [T (0L

»0L
q,.0t

]

¢-0L ]
:

P 12

[-% -

2 — 3
0d - .0
3 o - ;mo

& - ]

oL3 = 3

0 ’ - 3
L - 1,0

L0t -
4.0

20! : |8
g0t g0l
SLipL:EL  6L/0L/¥8 :IWIL®ILvA !sdG6L

(g.W Zww) @ 901 P/SP

(ww) a
o0t Ol

Zot

(0L

20

® % v %
(g-W) @ 9O P/NP

~
(=}
-

-]
o
-

:3HNSS3Yd

(Y12 3TALS) ..MOAIM MOV18,, HL331 A3IXId <WdD 005> :37ZZON

35




‘1sd G11 e pajerado 9jzzou 3oj .
(wd3 gg¢) Ifoqing,, 0GLT S1AIS & woly Aeids JO SUOIINQLIISIP 9AIJBIUSSAIAIY G- InSrg

(unu) @ (ww) g (ww) g
0L (0L 0L 0L 0L gOL SOL {0t 00! (oL oL g0t Ot 0L o0t 0L ZOL gOL
%mbw AAAEEEn s Loianmom s LA0a s me men LLALE I an e LtAR S SRS | OO—. AR an s LLAnan s ALLA S SN LLARS NN QO_.
] ] ]
4,01 .00
] .0t ]
— 3 ] m
- e ] 12
E 08
- -9 NO =~ 3
) MLN.S z L {“ = : g0t
- ] a _ b m o ] a
o 3 m 3 o =y 3 r
) £ TE: - cor0 N 1,08
: { o - = ] o
D r — L —— 3
B i 013 T 1 {012
0%t =, . E t . -
- ] 2 — q 0t w.r . A (€
- E - 1 - ]
E 1.0 - {90t
;s m s 3 oL 3
p S F
.m No—. v .” hO—
4 o BT d p
& 3 iF 3
- 0L g0l go!

gv:ol:8l Zec/oL/v8 3NIL B 3Lva IsdgLL :3HNSS3IUd

504 11Nd 440 oS2Z 13S/(0621 ITALS) ..13r08HNL,. <WdD 05€> :3T7Z2ZON

36




‘18d G e pajerado djzzou Foj

(wd3 gg¢) Jefoqiny,, 0SL 9[A1S B woly Aeids jo suonnqinsip sanejussardoy ‘97-p amndig

(wa) @
(0L goL 01

o

z 0l

g0l

(ww) g
L 0L 0L oL o
e NS A S, &

Py

Jussas

b
=4

w 6) @ D01 P/WP

| YV PU IS SR ITTY VWA

!

'
YT

'
T

LS'STLL Zz/oL/v8 3WIL ®31va

t

(g-W zww) @ DO P/SP

<
[=]
-

got

g0t

1sd GpL

(ww) @
o0 01

{01

zot

Zot

T %
W) @ 907 P/NP

(

-3HNSS3Hd

904 17Nd 440 oS¢ 13S/(0SLL ITALS) ..13r08HNL., <WdD 0GE> :372ZON

37




‘1sd ¢91 1& pajerddo ajzzou o]
(wds gg¢) . 19foqing,, 0SLT 91A1S & wolj AeIds Jo suOnNQUISIp 2AlRIUIsAIdayY L7 SInSIy

{unu) Q (ww) g (ww) Q

Ot 0L 0L 0L ZOL Ol 20t L0t o0t -0t AL g0l ot ot o0t 0L zO0L g0
MARE I LM am i Loiie e Ls s m.OP (AN En  Liiasman aman a0 n s an e oA nm s e 20 OQF 13311141111111,06—
— .mYop ; ot
- 1 {01 .
3 t 3
- m.m.o— _ m {0
3 3 ]
- a NQF@ . F
z L] 3
. .MN.S w _ 1 2 1 mo.M
oo 3 - ] o] L 1 a
s 3 Q - 3 2 e ] -
-0Lo . q¢0t0 = p0L S
—_ b o n - 1 I — ] o
- 1 & .o 1 3 = i{.3
- 30013 — - 3 o N o013,
- 10 : - - 3 3 3 - S W
- : d - 190 o ]
gLl = 3 {0t
.|-.. 3 :rhl- 4 mOF m
g0t g0l g0t

£2:G1:8L ZzZ/OL/v8 ‘IWIL®BILvA !sdG9l IHNSSIHd

904 11Nd 440 o052 138/(0S41 3TALS) ,,.13r08HNL., <WdD 05€> :3T1ZZON

38




70t

‘1sd Gg1 1e pajeiddo 9[zzou F0)
(wdg ggg) .2efoqin],, 0SL] 941§ & woly AeIds Jo suonnquisip sanejussarday 'g-p 21ndig

{ww) g {ww) g (ww) @
—O—. OO— P.Op N.Op M.O— NQP —Op OO-, F.OP N.OP m.Q— NO— PO— OO_. —..O— N.O— M.O—
m.o— T T T T TP YT T T T OO_. T YT TP Y TP T T OOP
4Ol ; {0
—O.. ]
— 0 “ .00
- 3 Ncp W
o 1° = 4 o
- ¢ a 1 -DI. & 1 ﬂO—m
- -~ — u w s “ a
L7 8 - 3 «./ {1 0.0
03 s oo — }oi
& : ] 3 T o
-— QOPW. ...|||l m Wz |cw. .m WOPme
- le llI. - 4 ‘Q—,ln\ru ..carll’l ] -~
- - ] ]
- 1 0L _ m . OO—
- - m oL m
; 201 5 18 0
s/ v w
=  c0L g0l g0l
€O'vv:LL  Zz/OL/p8 AWIL®ILvA 1sdGel IHNSSIHd

904 11N 440 o6Z 13S/(0SL1 ITALS) ..13r08HNL,, <WdD 05€> :3T7ZZON

39




20!

L0L

(uw) @
o0t

'1sd ¢/ 1 18 psjerddo 91zzou 30}

(wdsg Qog) . 1ofoqin],, 0SLI 9JA1S B wolj Aeids Jo suonINqQLIISIP 2A1}BIUSAIAY ‘gZ-p 2InSi]

(0L zOL gOL  ZOL 0L g0l

(ww) g

) WAL AR AL A

m.O—, AAZLIn e S L0 R R B M amn L1200 o a

g0l

vE:05:60 €Z/0L/¥8 3IWIL R ILVA

(ww)
gOL  ZOL 0L 0L 0L ZOL goOL
o0t P prr—prr e 0L
.0
1,0 “
] fa
018
12 a 1e01g
1 g : ] &
] 8 - i r
{e0to S 1,09
1] 2 o ] ‘o
] 3 - i =
] N - 4 3
Im_ w '- |'l ) WOFI\.E
vo—l.\.h s T m
: .ﬂ g0l
4.0 ]
g
“ 10
g0t g0t

isdG/lL :3HNSSIHJ

D04 11Nd 440 (52 13S/(0SLL ITALS) ..13r08HNL., <WdD 005> :37ZZON

40




41

‘1sd ¢g[ 1e pajerado s[zzou 30]
(wds gsL) .Jefoqing,, 0SL1 91A1S & woif Aelds Jo suonnqLISIp aanejussardoy -Q€-p 2Indig

(ww) @ (ww) @ (ww) @
i oL L .ol 0l 0l L ol ol 0l .0l 0l L ot (118 0l 0l 0l
i L Z € § 0 i Z € L 0 i Z €
_%«jmbw AR AERIE A0 8 mum Lii0s e LULAR ARSI LML OO— BB LLASEEE Liim o s m e iias e QO—.
3 VO—. u 3 —O—
] 3 ot ]
Ao 1 .0
N “ 1,008 ]
- .MN.QPW < ] -Dl. .m ﬂcpm ,
- 3 g . ] w %, b o W
- .m e ] E S - 3 [
- L oL _ 3 NO_. o ......1- _ 3 QO—,m
m \GI - Wl e b O
- F @ . 3 —. —-
3003 _ . 3 N i mo—m..a
] - 3,03 . §57 & |
- 1~ -— O o ] . |
- 4,0 - - ] - {401
E 1,00 : |8 jo
-\n “ .. \\;\ “ - 4
b...r..a. 3 MQF e d 3 QOP QOP

Lp:zo:zt  €z/oL/v8 3WIL R 3LVA 1Isd gglL :3HNSSIHJ

D04 11N4 340 o562 138/(0SL1L ITALS) .. 13r088NL. <Wd9 05/> :31ZZON




0!

(0L

(ww) @

o0t

{01

‘1sd 0G1 38 pejesado o[zzou (qf Ul p/€ 1
o8njep ureld g8¢ 2141 B woly  Aeids urelnd,, jo suonnqusip aanejussardoy ‘1¢-p aIndig

(ww) @
101

o0t

201

(g-W) @ 907 P/NP

(-]
Qo
-

™~
(=]
-

(ww) g
70l goL Ot (0L oot (0L Z0L  gOL oL 0L
GOl [T 00t
yOt
§,0t
g0l ]
. 1008
20t 122
Q _ b [ g
Sw - .m
—.. 0 -colu\l 4 no \mll
& = -
oL3 3
0™ o _ 3 vopwv
PO_. l|. - ]
G 3.0
Z0 |8
¢Ol d j01
Lzl ve/oL/p8 IWIL B 3ILva 'sd oGl :3HNSSIHd

AVHdS NIVLHNI/(68Y 3TALS) 3O9NTIA NIVId .. %L

*371Z220N

(-]
o
-

42



uld be noted

ot

It sho hat the spectra in both Figure 4-17 and 4-30 are complicated by natural
drizzle/rain which occurred at midday, October 23, 1984, the date and time of these two tests. Com-
parison with spectra taken of the natural drizzle when the sprays were off show that, although the mass
of water in the natural rain was essentially negligible compared to the spray, it had a clearly discernible
impact on the spectra of drops smaller than 200 um diameter.

The drop spectra from all the nozzles show an apparent bimodal structure. However, the large
drop mode in spectra from the combination “fog” and straight stream nozzles, Figures 4-24 through 4-30,
show a narrower size distribution than the spectra from the plain deluge nozzles. This is most likely due
to the difference in physical mechanisms through which the drops are formed. For the plain deluge
nozzles, the primary drop forming mechanism is aerodynamic breakup. In the case of the ‘“fog’’ nozzles,
a large percentage of the drops are formed by mechanical breakup at the nozzle. This is why it is very
difficult to propel these sprays to significant heights. That is, since the spray has a very large surface-
to-mass ratio, air drag on the drops is very high. In the case of the Style 5050 ‘“Akromatic 1000
nozzle, the sprays were not projected high enough to obtain meaningful drop spectra.

In an attempt to decrease the mean size of the spray drops while maintaining the maximum
possible spray height, water jets from two 1 1/4 in. ID nozzles were impacted together above the drop
sizing instrumentation as in Figure 4-32. It was anticipated that this would result in enhanced drop
breakup and hence a spray spectra having a mean size smaller than that from a single 1 1/4 in. ID nozzle.
Figure 4-33 presents the drop spectra which resulted from this water jet interaction. Comparison with
Figures 4-21 and 4-22 indicates that a significant improvement in drop spectra over that from single
nozzles operated at comparable pressures was not achieved by this technique. It was also observed that
since the cross section of the water sireams was small and projected distance was large, moderate wind
fluctuations caused the streams to interact intermittently. Response time was such that it would be
extremely difficult to maintain the interaction even with a feedback control system pointing the nozzles.
Therefore, use of this technique operationally would at best produce interaction of the water streams
only in the mean.

4.4 Temperature Measurements

A total of ten calibrated Thermometrics high precision thermistors were used to record the tem-
perature of the pond, the water entering the pump, the water at the nozzles, the water spray, the
concrete at depths of 2.5 cm and 10 cm in the spray area, the runoff water, and the air at heights of 1.5 m,
10 m, and 38 m. Their output was recorded digitally at 10-s intervals with an overall absolute
accuracy of 0.2°C. These measurements were made to provide a data base on the thermal response of
the total air/spray/reservoir/ground system when the nozzle array was activated. An excellent illustration
occurred on the morning of October 24 during the natural fog event. The thermal data associated with
that case is presented in Figure 4-34.

Temperatures are plotted in Figure 4-34 for the pond, the inlet water for the gray (2500 gpm) pumping
module, a nozzle within the array, the runoff water, and the ambient air. The temperature scale is on
the left-hand side of the figure. Periodic operation of the nozzle array is indicated by sharp changes in
the lower plot labeled “ARRAY PRESSURE.” The pressure scale is on the right-hand side of the figure.
Consider first the curve labeled “NOZZLE.” Before activation of the pumps the thermistor attached to
the outer wall of the empty aluminum nozzle registered the same temperature as the ambient air. When
the pumps and the nozzle array were activated, the nozzle filled with water and the temperature soon
registered much warmer than the ambient air. The pond water was about 4°C warmer than the air.
The runoff water temperature was initially about 1°C warmer than the pond water. This was due to the

G gtn e
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Figure 4-32. Photograph of interacting water jets from two 1 1/4 in. ID plain
deluge nozzles operated at 190 psi.
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fact that the runoff measurement was made in the drainage ditch (Fig. 4-1) which had a residual flow

from another test area of approximately 5 1 s'! (75 gpm). The runoff temperature as well as the pond
temperature was measured 10 cm below the surface of the water to minimize solar heating effects. Of
course this early in the morning these effects were small anyway. Due to the location of the pond
temperature sensor (Fig. 4-1) and the large volume of the pond, this sensor reading changed very little
until the water spray was turned off. The excess water in the drainage ditch then flowed into the pond
past the sensor resulting in sharp short term changes as seen in Figure 4-34. Since the spray water was
dispersed as drops which approached thermal equilibrium with the cool ambient air as they fell toward
the ground (see Appendix A6.0), the runoff water and then the nozzle and pump temperatures decreased
quite rapidly. Due to the spacing of the sensors and the on/off cycling time of the nozzle array, the
runoff temperature was fortuitously out of phase with the nozzle temperature. Each time the nozzle
array was reactivated, warm pond water was drawn into the system resulting in a temperature increase
in the recycled water. The relatively short times of continuous operation of the pumps and the fact
that a warm residual flow was always mixing with the recycled water did not permit the runoff and
pump inlet temperatures to reach the cooler air temperature. However, they did approach within about
0.4°C of the ambient air temperature. The nozzle temperature was always a few tenths of a degree
Celsius warmer than the pump inlet temperature primarily due to frictional heating in the pump. Based
on other measurements, the amount of heating which occurred as the water passed through the pump is
given in Figure 4-35 as a function of test nozzle pressure. The water temperature increase ranged from
0.4°C at 340 kPa (50 psi) to 0.65°C at 1380 kPa (200 psi). If required operationally, the impact of this
temperature increase could be minimized by utilizing good heat exchange between the water lines from
pumps to nozzles and the returning runoff water.
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Figure 4-35. The frictional heating of the water which occurs as it passes through the pumps
is directly proportional to the operating pressure.
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Data taken early the morning of October 23 when the concrete was initially 2°C warmer than
the air is presented in Figure 4-36. The thermal response of the concrete pad at a depth of 2.5 cm and
of the runoff water following activation of the water spray on this morning is illustrated. It had been
raining so the initial temperatures of the pond and runoff water were nearly identical. Note that within
30 min of operation the runoff temperature was within 0.5°C of the ambient air temperature despite
the fact that heat was still being transferred from the concrete pad to the runoff water. The concrete
pad temperature at a depth of 2.5 cm decreased almost linearly but at a slow rate as one would
anticipate due to the low thermal conductivity of concrete. Unfortunately, the sensor in the concrete
pad at 10 cm depth gave unreliable data on this day.

e, PAD (2.5cm)

START TIME IS 7:02:50 AM. 10/23/84
210
;G L e A A A X i A st L S Py At e b aimrrbramptenys POND
w
@«
E et At ottt s . cgocs + oo . At . e, Onpomet ™o e,
R 190f — 4
« -
ui
&
=
w
[

WW%RUNOFF
170 AlR

ARRAY
PRESSURE 190

1
o
o
NOZZLE PRESSURE (psi)

1 i L L

0 15 30 45 o 75 90
TIME (MINUTES)
Figure 4-36. Thermal data and nozzle array pressure data taken early the morning of October 23,
1984, when the concrete was initially 2°C warmer than the air.

4.5 Air Flow Measurement

Investigation of the air flow pattern in the vicinity of the spray curtain was performed using
smoke from a U.S. Army Model XM49 mechanical smoke generator as a tracer and a handheld
anemometer to make quantitative measurements of the flow along the ground at various distanceson
either side of the curtain. Ambient wind speed and direction were measured with cup anemometers and
wind vanes fixed to the test stand. The lower instruments were mounted on a platform which extended
from the SE corner of the stand at a height of 10 m. When the array of nozzles was operated, the
measurements from these instruments were dominated by the spray induced air flow. The upper instru-
ments were mounted at the top on the NW corner at a height of 38 m, above the influence of the spray
curtain.

48




The smoke and anemometer measurements yielded the air flow pattern illustrated schematically
igure 4-237. Due to aerodynamic drag, the falling water spray produces a downdraft and outflow

1

an s
il 1

from the curtain. Outflows of order 3 m s~

for 0 to 2 m 5’1 ambient surface winds. The downward air flow in and adjacent to the spray curtain

is very important, as shall be seen later, because even the smallest droplets in the spray spectra tend to
be carried to the ground rather than drift very far downwind, away from the curtain.

were measured both upwind and downwind of the curtain,

4.6 Natural Fog Dispersal

A dense natural fog occurred on one occasion during the test period giving the authors the oppor-
tunity to demonstrate the fog dispersal concept. On the morning of October 23, 1984, the ambient wind

was from the NNW (~300 deg) at about 1 m s'l. The ten vertically directed 3.5 cm (1 3/8 in.) ID
nozzles in the 72 m (235 ft) long array were operated simultaneously at a pressure of 830 kPa (120 psi)
projecting a water spray of approximately 390 liter per second (6200 gpm) to a height in excess of 40 m
(130 ft). Despite the fact that the water temperature was initially 4°C warmer than the air temperature
(Fig. 4-34) and that the water spray spectra was far from ideal (Fig. 4-16), the visibility in the area
downwind of the water spray curtain measurably improved almost immediately. Figure 4-38 is a plot
of visual range (km) versus time obtained from a Wright and Wright Fog-15 forward scatter visibility
meter located 55 m (180 ft) downwind (east) of the water spray curtain at a height of 2 m. Its location
can be seen on Figure 4-1. The time periods when the water sprays were on are indicated with horizon-
tal bars along the abscissa. Note that at 7:40 am, just before the sprays were first turned on, the visual
range was approximately 100 m. Within less than 2 min after start-up the visual range increased to more
than 250 m. The visual range increased (decreased) by a factor of between twe and three each of the
four times the water spray was turned on (off).

Droplet spectra (fog and spray combined) were measured in the spray curtain outflow approxi-
mately 20 m from the spray curtain at the 11-m level of the test stand. The size range 2 to 47 um was
measured with a Particle Measuring Systems (PMS) Forward Scattering Spectrometer Probe (FSSP-100)
operated at a 1-min sampling rate. The size range 10 to 300 um was measured with the PMS Optical
Array Probe (OAP-230x) which was also operated at a 1-min sampling rate. The OAP was mounted on
the I-beam platform but the platform was swung in against the test stand structure. The FSSP was
located inside the (open frame) test stand structure, about 5 m from the edge. This resulted in a partial
shielding of the FSSP so that for drops larger than 20 um it measured lower concentration than the OAP.

Figure 4-39 shows three selected FSSP channels (small, medium, and large droplets) of droplet
spectra plotted as number concentration (dN/dD) versus time. These data and extinction values
computed from all 15 channels of FSSP spectra at 1-min intervals (Fig. 4-40) show a strikingly similar
spray on/spray off response to that obtained with the eastern most visibility meter (Fig. 4-38). These
results vividly demonstrate the influence of the spray curtain on the fog droplet population. The mag-
nitude of the visual range is quite different in the two figures, but this is only because drops larger than
20 um were under counted and those over 47 um, above the range of the FSSP, were excluded entirely
from the extinction calculation (Fig. 4-40).

Figure 4-41 shows samples of complete spectra for both the FSSP and OAP taken in the area of
the spray curtain outflow during the natural fog event. The spectra on the left were taken at 8:02 am
with the spray off while those on the right were taken at 8:09 am with the spray on. Visual range
computed from OAP data alone (Fig. 4-42) compares quite well with that measured by the eastern most
visibility meter. (The FSSP data need not be considered since it was found to contribute less than 5
percent to all visual ranges calculated for this day.) For example, the visual range computed from the
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AIR FLOW NEAR A WATER SPRAY CURTAIN
(CROSS SECTION VIEW)
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APPROX. SCALE

Figure 4-37. Schematic illustration of air flow pattern induced by the water spray curtain. ‘
The flow increases the time the fog is in the spray and tends to limit
horizontal dispersion of the spray itself.
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Figure 4-38. Visual range improvement in response to water spray fog dispersal. Measurement was
made in natural fog approximately 55 m from the spray curtain at a height of 2 m.
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Figure 4-39. Number concentration of droplets measured in the spray curtain outflow while
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dispersing natural fog. Three of the fifteen channels of a FSSP located at a height

of 11 m are displayed as a function of time.

24 OCT 1984
16 .
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Figure 4-40. Visual range computed from all fifteen channels of a FSSP located in the

spray curtain outflow during dispersal of natural fog.
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OAP data in Figure 441 is 250 m with the spray off (8:02 am) and 430 m with the spray on (8.09 am).

The visual range from the visibility meter east of thc curtain was about 190 m with the spray off and
about 320 m with it on. Unfortunately, the other visibility meter did not operate properly on this occa-
sion. This agreement is certainly as good as can be expected considering the differences in measurement

method and location of the instruments, as well as, the natural variability of the fog.

24 OCT 1984
1.0 T T T
09— VISUAL RANGE {OAP PROBE) 7]
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- "
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col NNNEE A NN SN N0 | |

TIME (HOURS)

Figure 4-42. Visual range computed from all channels of the OAP-230x located in the
spray curtain outflow during dispersal of natural fog.

5.0 ANALYSIS
5.1 Model and Measurements Compared

A numerical model based on the mathematical formulation presented in Appendix A2.0 was
developed for evaluating the time dependent washout of fog. In this section the model is used to develop
an understanding of the measured field results. A copy of the Fortran computer code and a brief
explanation of the critical variables, steps, and equations is given in Appendix A5.0. The model
computes the depletion of a specified (initial) fog droplet distribution by an exponential spray drop dis-
tribution. The model output gives the fog distribution (size and mass spectra) and visual range at time
increments appropriate for washout in the spray curtain. The model can also be used to calculate the
visual range for a measured fog or spray drop size distribution (no washout included).

An exponential spray drop distribution for the model was developed by fitting the measured
spectra from the 13/8 in. ID “Quad Stacked” nozzle (Fig. 4-14). This nozzle was utilized in all the

spray curtain tests. In this figure there are about 1000 drops m3 per 0.2 mm interval at D = 2.3 mm

and 10 drops m3 per 0.2 mm interval at D = 8.5 mm. Using these two points the exponential distribu-
tion function, dN/dD =-a exp(-bD), fits the measured spectra very well over the range D = 1 to 8 mm
when a2 = 0.2760 cm™ and b = 7.428 cml. Using this distribution along with the measured ‘‘spray off”

fog droplet spectra (Fig. 4-41), the clearing process was modeled as a function of time (see Fig. A8-1,
untreated spray).
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Figure 5-1 shows both the OAP measured fog spectra of Figure 441 and a calculated spectrum
after 0.82 sec of washout plotted on an expanded 7 to 100 um range. The measured spray off (8:02
am) distribution is the upper histogram (heavy lines) and the measured spray on (8:09 am) distribution
is the lower histogram (dashed lines). The model result (dotted lines) at the same visual range (430 m)
as the spray on distribution was computed for washout of the mean droplet sizes for each size class.
The calculated washout result is in good agreement for concentration and visual range with the spray on
distribution from 20 to 60 um (with compensating offsets above and below this range). At sizes larger
than about 65 um the spray is contributing significantly to the spray on droplet spectra. Fortunately,
these very large droplets do not greatly affect the visual range of the spray on spectrum (about 11 per-
cent for D > 67 um). The washout calculation results in a slope similar to the spray off distribution.
This is another indication that the shallower slope of the measured spray on distribution, even for
D < 67 um, is not a result of washout but is due to large droplets supplied by the spray.
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Figure 5-1. Comparison of fog droplet distributions in the size range that contributes to 95 percent
of the visual range. Measured spectra are shown at two times during the October 24, 1984, fog
episode: SPRAY OFF at 08:02 and SPRAY ON at 08:09. The washout spectrum was
calculated for 0.82 sec of washout using a model initialized with the measured
SPRAY OFF distribution. [The model distribution has the same visual
range (430 m) as the SPRAY ON distribution.]




We can attempt to separate the washout effect from other changes in the spectrum produced by
the spray by considering the washout time required for the conceniration of droplets in each category
to agree with the “spray on” distribution. Table 5-1 shows the washout time for agreement in con-
centration as a function of category. One expects the processing time, the time the air actually dwells
in the curtain, to be at least 1 sec. Thus, the times less than 1 sec inferred by Table 5-1 are too short.
They imply the addition of drops larger than 30 um from the spray. The fact that the calculated visual
range agrees with the measured value after only 0.82 sec of washout of the “spray off” spectrum verifies
the same conclusion, the visual range was partially reduced by the spray itself. However, in spite of the
droplets from the spray, washout produces a significant reduction in net concentration of the most
important droplet sizes (20 to 60 um) with a corresponding increase in visual range.

TABLE 5-1. CALCULATION OF WASHOUT TIME, BASED ON THE MEAN CATEGORY
DIAMETER, REQUIRED TO REDUCE THE “SPRAY OFF” DISTRIBUTION TO THE
SAME CONCENTRATION AS THE “SPRAY ON” DISTRIBUTION

D (um) 12.1 22.0 31.9 41.8 51.7 61.5
t (sec) 1.67 1.30 0.96 0.83 0.70 0.50

As a further example of the effect of drops from the spray curtain on the visual range, the
data from October 18, 1984, when the system was operated under windy conditions, can be examined.
On this date the spray from the array of nozzles was being projected to a height in excess of 40 m.

The wind was from the east at 5 m s*! and the relative humidity was 80 percent. Throughout this one-
half hour spray curtain test, 11:30 am to noon, the visual range at the west (downwind) meter varied -
from 140 m to 2500 m but was typically about 1000 m. This instrument was only 30 m from the
curtain so it is to be expected that drops as large as 2 mm could be carried this far by wind gusts result-
ing in the 140 m minimum visual range. However, the fog clearing effect extends well beyond 30 m
from the curtain and 5 m s! winds are near the upper limit of fog conditions of interest. Thus, the
potential for degradation of the visual range by drops blown from the spray does not appear overly
serious, although additional study is clearly required.

n—..

5.2 Removal Efficiency

Using the exponential spray drop distribution developed above, it is possible to determine the
“effective” mean size (i.e., the equivalent monodisperse spray size) of the curtain spray drops used in
this field test. Equation A2.8 from Appendix A2.0 gives the fog droplet removal rate in terms of the
volume flow rate of a polydisperse spray drop spectra. Using the standard terminal velocity relation,

U =965 cm s| - 1030 cm 57! expl[~(6 cm'l) D] ,

where D is the diameter of the drop expressed in ¢cm and using the value of b = 7.428 em’! from the
exponential spray drop distribution, equation A2.8 reduces to

n = ng exp(-3.38 E'Q/Lu) . (5.1)

Equating n with the result for a monodisperse spray, equation 3.5, gives
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n, exp[-(3/4)(EQ/RLu)] = n exp[-3.38 (E'Q/Lu)] ,
or

R =0222 E/E’

Since R and E denote equivalent means for polydisperse washout and E’ is the integral mean collection
efficiency, then E/E' ~ 1 and the effective drop size for this measured spectra is R = 2.2 mm. This, as
was seen in Section 3.0 (Table 3-2) means the spray drop size used in the MSFC fog dispersal demon-
stration was much larger than optimum. Tremendous potential exists for improving the spray drop
spectra thus increasing the fog washout rate and clearing achieved.

Prior to this field test it was recognized that factors such as growth of previously unactivated haze
particles or the drift of spray drops into the cleared volume could adversely affect the overall efficiency
of the fog removal process. Since a supersaturation results any time two volumes of air saturated at
different temperatures are mixed, a large water/air temperature difference is a potential mechanism for
the creation of additional fog. However, in these field tests natural fog was cleared (Fig. 4-38) even
though this temperature difference was initially large, 4°C. Although a complete analysis of the problem
was beyond the scope of this project, the test results (Fig. 4-34) show that recycling the water works
rapidly and effectively to reduce these temperature differences. It now appears that the effect is not as
critical as was previously believed. Furthermore, it appears probable, for reasons discussed below, that
the large volume water sprays may even be effective in clearing fog for cases where recycling is not
feasible.

The capability to clear fog with high volume sprays even when the water/air temperature differ-
ence is large apparently results from two facts; the smaller spray drops along with the fog droplets rapidly
approach thermal equilibrium with the surrounding air and the diffusive water vapor sink of these drops
is large. These two factors cause transient supersaturations to be relieved before the air is processed out
of the curtain. Appendix A6.0 discusses the thermal response of the water spray and gives the formula-
tion for the thermal relaxation time constant of a drop falling through stationary air. Clearly, spray
drops as large as 2.0 mm diameter have sufficient time to approach within at least 95 percent of thermal
equilibrium on a single pass through the curtain if they are sprayed as high as 40 m.

If the larger, faster falling spray drops have insufficient time to achieve thermal equilibrium, then
small drops and large drops at the same height will have different temperatures. The warmer drops will
serve as sources and cooler ones as sinks of water vapor. Net transfer of water vapor will occur between
them as depicted in Figure A6-1. Since the mass growth or evaporation rate of a drop is directly propor-
tiona! to the drop radius, the vapor sink or source represented by the fog and spray drops is given by
the product of the drop radius (or diameter) and the drop concentration in that size class. Figure 5-2 is
a plot of linear D - (dN/d Log D) versus drop diameter for the nozzle array and for the October 24,
1984, natural fog. The spray spectra was obtained with the GBPP and OAP-230x particle probes while
the fog spectra (8:02 am) was obtained with the OAP-230x and FSSP probes. Since the ordinate on this
plot is linear and the abscissa is (d Log D) the area under the curve is directly proportional to the instan-
taneous sink or source of the corresponding drop spectra. From comparison of the areas under the two
curves it is clear that the diffusive water vapor sink represented by the fog droplets is much greater than
that represented by the spray drops. Thus, the fog droplets and small spray drops are very effective in
limiting the transient supersaturation which might otherwise exist in the spray curtain.
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Figure 5-2. The diffusive water vapor sink represented by the fog droplets is
much greater than that represented by spray drops.
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It is interesting to note that in the case of a large water/air temperature difference the amount
of water evaporated from the large water spray drops before they achieve thermal equilibrium exceeds
the total volume of water contained in the fog droplets. Of course, both these amounts are small
compared to either the total volume of water being sprayed or the amount of water present as vapor
in the saturated air. Appendix A7.0 gives quantitative values for the volume of water partitioned as
vapor, spray, and fog for a typical case. Thus, the process of recondensation and subsequent fallout
deals with a small change in a large quantity. As seen above a sufficient vapor sink exists to relieve
transient supersaturations which might otherwise tend to form. This beneficial effect can be slightly
enhanced by reducing the relative amount of spray in the large size drops as discussed later in this report.

In considering the efficiency of any fog removal process, a very important consideration is the
relative rate with which fog refills or reforms in the cleared volume, compared to the removal rate. The
volume may refill by either advection or vertical mixing. Reformation may occur because the clearing
method removes the fog droplets but not the fog forming mechanism. The residual supersaturation may
cause in situ growth on the remaining small droplets or previously unactivated aerosol. The large volume
recycled spray method averts the refilling problem by operating continuously and by creating its own
local air flows of a magnitude comparable to the flows found in most natural fogs. Thus, it partially
controls the advection and mixing into the cleared region. The method works even in the higher wind
cases. Higher wind speeds do, however, require greater spray rate for the same amount of clearing since
the time the fog laden air spends in the spray curtain is reduced. They also increase the potential for
advecting spray drops into the cleared volume which might limit the visual range achievable. Figure 5-3
is a plot of linear (dS/d Log D) versus drop diameter for both the natural fog (spray off case: 8:02 am)
and the spray spectra from a single nozzle like that used in the spray curtain. Since the extinction
factor (Fig. Al-1) is essentially constant over this size range, the visual range for a given spectra is
proportional to the surface area of the drops. The area under the fog curve on Figure 5-3 corresponds
to a visual range of 250 m. The area under the spray curve for drops smaller than 200 um corresponds
to a visual range of 2000 m. However, it should be recognized that due to the nature of the experi-
mental setup used to characterize the single nozzles some of the smaller spray drops may have been
carried away by the wind and therefore may not be accurately accounted for on this plot. The

ambient wind speed was 2 m s1 at the time this particular single nozzle was characterized. From
Figure 5-3 it would appear that even if the small diameter spray concentration in the curtain was
quadruple the value given here, advection of spray drops smaller than 100 um diameter into the cleared
volume, would not be a big problem. However, at the higher wind speeds if drops as large as 2 mm
diameter were carried into the cleared volume, severe restrictions would be placed on the maximum
clearing achievable. As noted earlier, this effect was observed during the October 18, 1984, tests near
the spray curtain.

An important aspect of this method relative to the potential for reformation of fog in the cleared
volume is the fact that the spray curtain acts directly on all the air that is cleared. As the air exits a
spray curtain and moves into the cleared volume, it is usually well-mixed, isothermal to the height of the
curtain, and saturated at the ambient wet bulb temperature. This is important because in an advection
fog, turbulent transport and advection generally control the production of supersaturation, Sy- If liquid

water is removed from the fog by some physical mechanism there is usually less surface area to serve as
a sink for the excess water vapor and the supersaturation rises. If (Sy_1) rises sufficiently (perhaps only

0.05 percent) unactivated haze particles may be activated, forming new cloud droplets and bringing the
fog droplet population back to near original levels. However, in the case of the high volume recycled
water spray method the supersaturation instabilities are removed in the spray curtain. Therefore, in situ
formation of fog in the cleared volume is less likely.
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Figure 5-3. Surface area of the spray drops and fog droplets as a function of size for the nozzle
array and for the natural fog. Visual range is proportional to the drop surface area.
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5.3 Potential Improvements

Several potential improvements can be made to increase the fog clearing efficiency for a given
spray rate. The first possibility is to reduce the mean drop size of the spray. Although improvement in
nozzle design to maintain maximum projection height while maximizing the quantity of water in the drop
size range 0.3 mm to 1.0 mm is a possibility, it does not appear very feasible at this time. A more pro-
mising possibility involves interspersing nozzles which produce smaller size drops with their accompanying
penalty in projection height within a straight stream nozzle array. Since the air circulation induced by
the water spray curtain processes the fog down through the spray, it does not matter whether the fog is
removed high or low in the curtain as long as it is removed before leaving the curtain. Another promising
possibility for decreasing the spray drop size is to reduce the liquid surface tension through the addition
of a surfactant. Appendix A8.0 addresses this possibility. The net result is that halving the surface
tension, through the addition of a small quantity of long chain alcohol for example, reduces the mean
drop size, increases the fog washout and more than doubles the visibility improvement achieved for a
given spray rate.

Increasing the collection efficiency of spray drops for fog droplets through electrical charging of
the sprays is still another possibility for improving the fog washout. However, this introduces potentially
disruptive electric fields along the runway. It has been shown (personal communication, Dr. Michael H.
Smith, University of Manchester Institute of Science and Technology, Manchester, UK., 1985) that
collection efficiencies of highly charged (charged to several tenths of the Rayleigh bursting value) spray
size drops for fog size droplets may approach the value 20 due to dipole, not Coulomb, forces; so that
neutral fog droplets are swept out efficiently. Oppositely charging adjacent nozzles could minimize the
net electric field while still maintaining the enhanced collection efficiencies.

A somewhat different but complementary approach to improving the clearing efficiency involves
the air flow near the spray curtain. The spacing and water flow rate of the nozzles within the array
should be optimized to give maximum projection height, a uniform spray curtain, and optimum induced
air circulation. This will enhance processing of fog through the spray while minimizing entrainment into
the cleared volume. Computational Fluid Dynamics (CFD) computer codes could be used to investigate
these effects. Tracer smoke and variations on the nozzle arrangement in a large field test could be used
experimentally to verify the numerical results.

6.0 DISCUSSION OF OPERATIONAL FEASIBILITY OF METHOD

The energy requirement for the large volume water spray method is nearly an order of magnitude
less than that required to operate a thermokinetic system. For example, it has been calculated [1]
that to raise Category III landing conditions to minimum Category Il via the thermokinetic technique
(assuming a total clearing length of 2 km) would require 20 jet engines each rated at approximately
10,000 Ib thrust at sea level and each consuming 1,000 gallon per hour of jet fuel (JET-A). Therefore,
a total of 20,000 gallon per hour of fuel would be required for the thermokinetic technique. By way of
comparison the small pumping modules (2500 gpm) used in our water spray tests each required less
than 40 gallon per hour of diesel fuel [7]. Larger pumping units would, of course, be more efficient
as well as more cost effective. Using the lower efficiency value and assuming a total water requirement
of 200,000 gpm to clear 2 km of runway, the requirement would be 3200 gallon per hour of the lower
grade fuel, about 15 percent of the amount required for a thermokinetic system.
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Although water pumps which will each supply 50,000 gpm at a pressure of 150 psi are com-
mercially available, at the present time they are not as cost effective as 20,000 gpm units. The current
(1985) price of a single new 20,000 gpm pumping unit with an electric driver is approximately $100,000.
The same pump with a diesel driver costs approximately $300,000. In addition to being less expensive
to purchase, the electric driven pumps have other important advantages over the diesel driven units.
For example, they require less maintenance and they do not emit engine exhaust pollution in the
operation area. The disadvantages are that an electric substation and transmission lines would be required
for their operation and the system would be inoperable in the event of an electrical power outage.

The total one time cost of installing a thermokinetic system utilizing used jet engines at an
assumed cost of 15 percent of their new price was estimated at $5 million (1975 U.S. dollars) [1].
Although a detailed cost analysis has not been performed for the large volume water spray method, its
one time installation cost, even assuming all new hardware, should be considerably less than that for a
thermokinetic system. Moreover, pumps and electric motors are much simpler to operate and maintain
than jet engines. Coupled with the smaller fuel requirement, the annual operating costs should also be
much less than encountered with a thermokinetic system.

The FAA report [1] showed that Los Angeles International Airport (LAX) would derive the
highest benefit from the installation and operation of a thermokinetic fog dispersal system, although such
a system could be cost effective at a few other major U.S. airports as well. The large volume water spray
method should, therefore, also be cost effective at these same airports. Reluctance to install an opera-
tional system at LAX has been due in part to the considerable environmental air pollution which a
thermokinetic system would introduce. As already noted, the water spray system circumvents this
problem through the use of electric drivers for the pumps. In fact, the water spray technique actually
cieans the air because pollutants in thc fog are removed with the fog drops. The system has other
advantages as well. When required by changes in wind direction, water can be redistributed to other parts
of the runway perimeter by simple valving whereas redistribution of heat from the fixed position jet
engines is more difficult. Perhaps the most important side benefit of the technique is the considerable
emergency fire extinguishing capability it provides along the runway.

A diverted landing of the Space Shuttle to an alternate site due, for instance, to fog at the
primary site, results in a five to seven day schedule slip for the next mission. Since a diverted landing
from the primary KSC site to Edwards AFB, California, costs $1,800,000 (personal communication, Mr.
Sam Beddingfield, Deputy Director, Shuttle Projects Management, Kennedy Space Center, Florida, 1985)
and a launch delay costs approximately $500,000 per day, it is easily seen that an effective operational
fog dispersal system could pay for itself in one or two fog events. Based on climatology data (NASA
TM 82473, 1982, p. 4.30) the probability of precipitation or fog resulting in visibility less than 0.8 km
(0.5 mile) is given by month and hour for the Kennedy Space Center (KSC), Florida, in Figure 6-1 and
Vandenberg AFB (VAFB), California, in Figure 6-2. The afternoon incidence of low visibility at KSC is
due to precipitation. Most other low visibility occurrences represented on both figures are due to warm
fog. Note that the maximum probability of fog at KSC occurs in the winter months. Even at its maxi-
mum the fog probability for a given hour is less than 10 percent. In contrast the frequency of fog peaks
in the summer months at VAFB and has a maximum probability in excess of 60 percent during the early
morning hours of July and August.
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Figure 6-1. Probability of precipitation or fog at KSC with visibility < 0.8 km (0.5 mi.).
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Figure 6-2. Probability of precipitation or fog at VAFB with visibility < 0.8 km (0.5 mi.).
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7.0 CONCLUSIONS AND NEXT STEP RECOMMENDATIONS

The limited field test results reported in this document indicate that it is feasible to develop a
large volume recycled water spray technique for warm fog dispersal. The technique was actually demon-
strated in a natural fog situation. Utilizing measured spray drop spectra and natural fog droplet spectra
obtained during these tests, the mathematical formulation for the fog droplet removal rate by a poly-
disperse spray distribution gives numerical resuits which confirm the field test observations. These results
coupled with the anticipated system improvements indicate that the proposed technique will be feasible
for large scale commercial use.

Several system design refinements to improve the efficiency of the technique can and should be
explored further. Promising methods of reducing the mean spray drop size and thereby improving the
fog removal efficiency include addition of a surfactant to reduce the surface tension and interspersing
nozzles which produce smaller drops at a penalty in projection height within the array. When reducing
the mean spray drop size it is important that a balance be achieved between the maximum fog sweepout
for a fixed spray rate and the potential for the smallest spray drops to drift into the cleared volume. We
have shown analytically that a factor of two reduction in surface tension should yield about a factor of
two increase in visibility over an untreated spray. It remains to be shown experimentally that such a
reduction in surface tension does in fact give smaller drops without substantially decreasing the projection
height of the spray.

Analytical studies using Computational Fluid Dynamics (CFD) computer codes to investigate the
affant of nozzle snacine and water ﬁn\xl rate on 1 f

effect of nozzle spacing vater flo e on induced air circula
shouid aiso be conducied. However, full characterization and verific
natural fog conditions on a scale useful to Shuttle landing operations depends upon a large field test.
If such a test is undertaken, the other agencies, such as the Air Force, Army, Navy, and FAA, which
have an interest in fog dispersal or basic fog research, should be invited to actively participate. Consider-
able time (~18 months) would be required to prepare for such a test. The test should be conducted
during the season of high fog probability (usually sometime between July and October for most suitable
U.S. sites) at a high probability site to maximize test opportunities, Sufficient time to complete required
system design refinements should be allowed between the Authority To Proceed (ATP) date and the

test. A preliminary fog dispersal project outline is given in Appendix A9.0.
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APPENDICES
A1.0 MIE EXTINCTION COEFFICIENT AND VISUAL RANGE

Mie scattering theory takes into account the size, shape, dielectric constant, and absorptivity of
the scatterers. If the particle size is larger than or even the same order of magnitude as the wavelength
of electromagnetic energy being scattered, then the special Rayleigh scattering case is inappropriate and
the more general Mie theory must be used. This is the case for light scattering by fog droplets. The
total extinction coefficient, o, (sometimes called the extinction or attenuation coefficient) is composed
of extinction due to both scattering and absorption.

0 = 0gcatt ¥ 9Absorp - (A1.1)

For visible wavelengths, however, the index of refraction for water is approximately 1.33 + 10'8 i where
i is the complex root. Since the complex portion of the refractive index is so small, absorption is very
low and extinction is almost entirely due to scattering. Another simplification results from the fact
that particles having the same ratio of particle circumference to wavelength have the same scattering
properties. This ratio, «, given by

a= (A1.2)

is called the particle size parameter.

Although a single fog droplet has a cross-section 1rr2, its extinction capability is higher than what
would be expected from its geometric cross-section. In fact, its effective cross-section is higher by a
factor K (or QS) called the extinction factor (or scattering efficiency or scattering area coefficient). The

2

extinction cross-section (or scattering cross-section) for each droplet is then Kar“ and the total cross-

section is
M
o=1 Zl(KiNiriz) , (A1.3)
1=

where N is the fog droplet number concentration, r is the droplet radius, and the summation, X, is taken
over all fog droplets. Figure Al.1 is a plot of the extinction factor K for scattering particles of refractive
index 1.33 (water droplets) versus the particle size parameter, o, or alternatively against the particle
radius, r, for three separate wavelengths of visible light ranging from the blue part of the spectrum
(A = 0.450 pm) to the red (A = 0.650 um). In the case of fog and visible wavelengths, the droplet size
is usually sufficiently large, i.e., r > 2 um, that K ~ 2 is a reasonable approximation. If this simplifica-
tion is valid, the extinction coefficient can be expressed as

o ~ 2uNP? (A1.4)




where T is the mean droplet radius. This is known as Trabert’s formula.
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Figure Al-1. Plot of the extinction factor K for scattering particles of
refractive index n = 1.33 (water drops).

The visual range, VR, of objects seen against the horizon sky through an atmosphere having an
extinction coefficient o is

Vg = Laje | (A1.5)
g

where € = (Bh—BO/Bh) is the threshold of contrast, By is the brightness of the background horizon and
B, is the brightness of the object. Since € is dependent upon the visual acuity of the human eye, the

actual value of this threshold will vary from observer to observer. Various laboratory and field experi-
ments have yielded values of e ranging from 0.008 to 0.06. For calculations of the meteorological visual
range, € = 0.02 has been adopted as standard. Therefore, the standard visual range is given by

_ 3912 _ 3.912

A% Al.6
R . v ( )
2
™ 2 &Ngd)
i=1
Since the liquid water content, LWC, of the fog is approximately given by
LWC ~4/37 NP R ' (A1.7)
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and the density of water is assumed to be 1.0 g cm'3 , the simplified but sometimes useful formula for the
standard visual range can be expressed using Trabert’s formula as

3912 261F
2r N2 LWC

~

VR (A1-8)

If the mean droplet radius, T, is expressed in um and the liquid water content, LWC, is given in gm'3,
the computed visual range has the units of meters. A similar relationship can be obtained relating Vg

(m) to N (m3) and LWC (g m™3):
Vg =162 N13 w23 (A1.9)

It is important to keep in mind that equations (Al.4), (Al1.7), (A1.8), and (Al.9) are approximate
formulae, assuming as they do that all the droplets are of equal size. For a dense fog the liquid water

content is approximately 0.2 g m3 or greater. Using this value and a selection of mean droplet radii,
some illustrative values for the droplet number concentration, the extinction coefficient, and the visual
range have been computed and tabulated in Table Al-1.

TABLE Al-1. COMPUTED PROPERTIES FOR CONSTRUCT FOGS
(ASSUMES LWC = 0.2 g m™3)

T (um)
2.5 5 10 20 30
N (cm™3) 3060 380 48 6 1.8
o (m1) 0.12 0.056 0.030 0.015 0.010
Vg (m) 33 65 130 260 390




A2.0 FOG DROPLET REMOVAL BY A POLYDISPERSE SPRAY

(

The removal of fog droplets in a spray curtain is analogous to an aerosol washout problem. This
problem has been discussed elsewhere in the literature (e.g., Beard [11]). Following Beard’s formula-
tion, the rate of loss of fog droplets to a polydisperse spray distribution can be determined from

d_“=_1>nfEUD2NdD, (A2.1)
dt 4

where n is the number per unit volume of fog droplets (assumed to have one characteristic size), E is
the collection efficiency, U the terminal fall speed of the spray drops, D their diameter, and N the
number of spray drops in the size interval dD. With the assumption of an exponential spray drop dis-
tribution [N = dN'/dD = a exp(-bD)], and a standard terminal fall speed relation [U = ¢ - a exp(-D)],
the fractional loss of droplets [Fp = (1/n) dn/dt] is given by

Fp = - (;_r) fE [y-a exp(-BD)] D2 a exp(-bD) dD . (A2.2)

The resultant loss integrated across the size distribution (0 < D < o) s

7E'a\ v\ .
Fp = - <_2_) (b—g) £ (A2.3)

where E' is the integral mean value of E and f 1= [1-(a/y)/(1 + B/b)3 ]. The spray volume flux can be
evaluated from '

T

Q/A = (g) fU D3 N dD = (%) f[v—a exp(-D)} D3 [a exp(-bD)} dD . (A2.4)

Integrating from D = 0 to oo gives the volume flux for the polydisperse spray as

e
Q/A =ma (b4> f2 , (A2.5)

where fy = [1-(a/y)/(1 + B/b)4]. Dividing equation (A2.3) by equation (A2.5) to determine the fog

droplet loss rate in terms of the volume flow rate (Q) gives

Fp = (1/n) dn/dt = —(E'Q/2A)bf1/f2 , (A2.6)

67




or

n = ng exp {- [ (52'1%) (g)] t } . (A2.7)

Since A = Lut, then

e D

where u is the component of the wind velocity normal to the spray curtain and L is the length of spray
curtain.

Standard values for the terminal velocity relation, applicable for drops having a diameter greater

than 0.3 mm, are ¥ = 965 cm s'l, a = 1030 cm s'l, and = 6 cm’] [12]. An exponential fit can be
made on the measured spray drop spectra to determine the value of b and thus permit evaluation of
equation (A2.8).
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A3.0 COLLISION, COALESCENCE, AND COLLECTION EFFICIENCIES

The concept of “collision efficiency” is used to describe the effect of hydrodynamic deflection of
approaching drops on the collection rate. Simply, it is the probability that a larger drop will collide
with a smaller one in its direct path. It is defined as the ratio of the actual collision cross section,

1rYC2, to the geometric cross section, 1r(R+r)2, where Y is the initial horizontal separation of drop

centers on a grazing trajectory; R is the radius of the larger drop and r is the radius of the smaller drop.

It is possible that colliding drops may bounce apart before surface contact is made, due to the
presence of an air film trapped between their surfaces, or disrupt following a temporary union. The
fraction of colliding drops that actually coalesce is termed the ‘“‘coalescence efficiency.” Disruption
occurs if the surface energy for the coalesced drops is exceeded by the excess kinetic energy for an
inelastic collision (e.g., see Beard et al. [13]) or the rotational kinetic energy [14, 15]. When disruption
takes place satellite drops are produced for the more glancing interactions and disintegration of one or
both drops occurs in more direct collisions [16]. The appropriate dimensionless energy parameters are
functions of the collision Weber number (see Appendix A8.0) and the size ratio.

The net efficiency of the process, the collection efficiency, is given by the product of the colli-
sion and coalescence efficiencies. Being a sensitive function of the relative drop size as well as the surface
energy, the collection efficiency fraction under these conditions can range from zero to unity.

Figure A3-1 [17] gives the calculated collision efficiency of freely falling drops as large as R =
500 um with fog size droplets. The results of two-sphere hydrodynamics were used at R = 40, 50, and
60 um [18]. Superposition hydrodynamics were used at R = 73 um [19]. Large sphere hydrodynamics
were applied at R = 100, 200, 300, and 500 um [20] for 20°C and 1 atm. Collision efficiency values
for drops as large as R = 3 mm have been calculated using large sphere hydrodynamics and are tabulated
elsewhere [21]. Figure A3-1 along with the tabulated values for larger drops were used to produce Figure
A3-2. This figure gives the theoretical collision efficiency (fraction) for a wide range of drop/droplet
pairs.

Coalescence efficiencies which are a function of the relative drop size, the relative velocity, and
the impact angle must be determined indirectly using measured collection efficiencies and theoretical
collision efficiencies. Figure A3-3 gives the coalescence efficiency (fraction) determined empirically [17]
for collector drops smaller than 500 um and extrapolated to larger drops. These extrapolated values are
less than the unity value of coalescence efficiency generally used for large drops [21].

Numerical values for the collision and coalescence efficiencies from Figures A3-2 and A3-3 were

multiplied together to obtain the best estimate collection efficiencies shown in Figure A3-4. These collec-
tion efficiencies are used in computing the fog removal rate.
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Figure A3-1. Theoretical collision efficiency (%) of freely falling water drops

as large as 1 mm diameter for fog size droplets.
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A4.0 INSTRUMENTATION DETAILS

The instruments provided by the State University of New York (SUNY) for the October 1984
tests at MSFC are summarized in Table A4-1. In addition a Meteorology Research Inc. (MRI) Model
302 tipping bucket rain gauge was also provided. The magnetic switch was replaced with an infrared
triggering system to eliminate spurious tips. Two spectrometer probes, OAP-230X (10 to 300 um) and
GBPP-100 (0.2 to 12.4 mm), were necessary to cover the complete spray size of interest. They, along
with the rain gauge, were located near the extended end of the 7.5-m I-beam platform with all cables
routed to a central data acquisition system located on the test stand. Two additional droplet spectrome-
ters and two visibility meters were required to characterize fogs occurring during the test period. These
droplet spectrometers were located at the 11-m level of the test stand in an area sheltered from the water
spray produced during the single nozzle tests. The two forward scatter visibility meters were positioned,
respectively, to the east and west of the multiple nozzle array which was located on the access road near
the test stand. Figure A4-1, a schematic diagram, illustrates the operating principle of these two instru-
ments. The location of these instruments relative to the test area is shown in Figure 4-1. This arrange-
ment provided the best exposure for the instruments while permitting measurement of the residual spray
from the nozzle array. Data and control signals from all these instruments were routed to the central
data acquisition system. Data from the spectrometer probes were acquired over 1-min intervals with a
Particle Data System which provided real time graphical displays of droplet/aerosol spectra, as well as
providing an interface to a cartridge tape recording system. Other data, such as rainfall rates and visual
range, were logged at the same location with a PDP-11/23 computer system. This computer was also
used for post experiment analysis and verification of good drop spectra data. The visibility meter data
were recorded at 30-sec intervals and displayed in real time.

Although initial tests of the single nozzles were conducted with the platform located at the 19-m
level, most tests used the 11.5-m level. The precipitation probe (GBPP) was oriented with the long axis
parallel to the water stream from the nozzle to minimize the cross axis sizing errors. The cloud droplet
probe (OAP) with the attached aspirator and inlet horn was installed vertically to optimize the sampling
of large droplets. The early tests were of short duration because the water spray entered the optical
system of the probes preventing further measurements. In the case of the GBPP the problem was due to
the nearly horizontal trajectory of some of the drops which allowed them to enter the optical system.
Modification of the probe optical hoods corrected this problem but made it necessary to correct the
measurements for the reduced sample area. This modification was employed during the remainder of the
test program (October 19-25, 1984),

Use of the OAP in these tests was particularly difficult because of the conflicting requirement for
uniform sampling and prevention of wetting of the probe optics. The initial vertical orientation provided
the best sampling configuration but allowed water spray as well as drops resulting from splashing on the
inlet horn to enter the probe and foul the optics. Alternate arrangements such as removal of the inlet
horn and replacement with a short straight inlet proved equally unsatisfactory. During the last half of
the test program, the probe with attached inlet horn was oriented horizontally with its axis perpendicular
to the spray direction. While reducing the sampling efficiency at large droplet sizes, this change did
permit sustained operation of the instrument.

The anticipated sampling problems due to the orientation of the OAP appear to have been less
severe than expected. From the spectra shown in Figures 4-16 to 4-31, it can be seen that the measure-
ments in the region of overlap of the OAP and GBPP are comparable. Some differences in the con-
centrations measured by the two probes may be due to sampling problems caused by the location of the
drop spray. Because of the separation of the instruments and the narrow width of the spray, one or the
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other of the instruments may have been momentarily outside of the main curtain of drops. Since the
measurements were made outdoors, wind gustiness on some days made targeting and accurate charac-
terization of the drop spectra difficult. In most cases, however, sufficient measurements were made to
insure that representative spectra were obtained.

Tables A4-2, A4-3, and A4-4, respectively, give the size range and corrected sampling volume for
the FSSP-100, OAP-230x, and GBPP-100 particle probes as a function of channel number. The FSSP

and OAP sampling volume assume an aspirated constant velocity of 26 m sl and 13 m s'l, respectively.
The GBPP sampling volume assumes the drops are falling at their terminal fall speed. Figure A4-2 shows
plots of one count in each channel for the two larger probes plotted variously as number concentration,
surface area, and mass versus drop diameter. These plots can be used to check the adequacy of the total
sampling volume for the measured drop spectra. It should be noted that drop flattening corrections
applied to the GBPP data sometimes resulted in fractional counts per channel. Figure A4-3 graphically
shows the drop flattening relationship which was applied to all the GBPP data in this report. The
equivalent spherical diameter for each drop size is plotted versus the horizontal drop dimensions measured
by the GBPP. The drop axis ratio (I') (vertical/horizontal) measured in heavy rainshowers [22] suggests
that raindrops average about half the distortion of the equilibrium shape (T',), that is ' ~ 1+ I‘O)/2.

This is supposedly a consequence of the asymmetric oscillations [23]. Since energetic drop collisions and
breakup are far more frequent in these water sprays than in the heaviest natural rainfall, it would not be
surprising if the average axis ratio in the spray was closer to unity than to equilibrium. There is therefore
some justification for not correcting the GBPP data for drop flattening. Nonetheless, to be consistent
for comparison purposes with other published results, we have corrected the GBPP data for drop
flattening.

The most notable consequence of uncertainty in sizing the largest drops is the effect on the mass
distribution. We attempted to use the tipping bucket rainfall rate as a check on the GBPP derived value.
For natural rainfall rates as high as 100 mm/hr, SUNY in the past has measured the ratio of the GBPP
to tipping bucket rainfall rate to be as high as 3, especially under heavy rainfall conditions. Further-
more, due to the time required for the tipping bucket funnel to drain, the tipping bucket is limited to
rainfall rates of less than 1400 mm/hr. Since the single nozzle water spray tests produced typical rates
of 5,000 to 10,000 mm/hr the comparison could only be made for selected spectra.
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TABLE A4-1. SUMMARY OF SUNY INSTRUMENTATION USED IN THE
OCTOBER 1984 WATER SPRAY TESTS

Spectrometer Probes:

GBPP-100.....Ground Based Precipitation Probe
Particle Measuring Systems Inc.
Size Range 0.2 to 12.4 mm
Resolution 62 channels 0.2 mm width

OAP-230x.....0ptical Array Probe
Particle Measuring Systems Inc.
Size Range 10 to 300 micrometers
Resolution 30 channels 10 um width

FSSP-100.....Forward Scatter Spectrometer Probe
Particle Measuring Systems Inc.
Size Range 0.5 to 47 micrometers
Resolution 60 channels (4 ranges) 0.5 to 3 um

ASASP-X......Axial Scatter Spectrometer Probe
Particle Measuring Systems Inc.
Size Range 0.12 to 6 micrometers
Resolution 32 logarithmically spaced channels

Visual Range Instruments:

FOG-15....... Forward Scatter Meters (Two)
Wright and Wright Inc.
Range 100 feet to 100,000 feet
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EQUIVALENT SPHERICAL DIAMETER (mm)

0.0 25 5.0 7.5 10.0 12.5
HORIZONTAL DIMENSION MEASURED BY GBPP (mm)

Figure A4-3. Drop flattening correction applied to all drop spectra from the Ground Based
Precipitation Probe (GBPP). Dotted line gives one-to-one relationship for reference.
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A5.0 COMPUTER CODE FOR FOG DROPLET WASHOUT

A numerical model was developed to evaluate the time dependent washout of fog by a polydis-
perse water spray. A copy of the FORTRAN program “WSHB” and an example of its outpgt is include.d
in this section. A brief explanation of critical variables, steps and equations used in the main program is
also given.

Principal Equations

Visual range (meters): VR = 0.03912{ 2n SIN(r)r2] }~1

Washout factor (sec™!): DF = (A1m1/4) E € UD? AD exp(- A2 D)
where E 15 the collision efficiency, € 1s the coalescence efficiency
and the spray concentration is given by A1 exp(- A2 D) AD

Depleted concentration (cm™): XN = N(1)exp{- F(1) T ]
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Main Program Variables
(in order of appearance)

fog droplet diameter: 3.5,6.5,9.5,...,39.5um

size category boundaries (um) given in DATA statement
washout factor in exponential depletion (sec™)

number concentration of fog droplets (cm™3)

measured fog spectrum (em=3 um="), 10/24/84; 802:09 0AP data
liguid water content (g m~3)

coefficients for exponential spray distribution

constant in washout equation

spacing factor in logarithmic interval of spray sizes

fog droplet radius (cm)

exponent for calculating 10 per decade of spray drops
spray drop diameter (cm)

size category boundaries (cm)

spray drop terminal velocity (cm/sec, Johnson's coefficients)
spray drop radius (cm)

washout factor for particular drop sizes

time (seconds)

sum for extinction coefficient (cm™!)

sum of the number concentration of toy drops ( cm™3)

sum of the liquid water content of fog drops (g m -3)
number of fog drops in category after washout {cm™5)
dN/dD for fog drops in category after washout (cm™3 um“ )
visual range (meters)

Main Program Steps

D(1S)

DB(16)

F(15)

N(15)

NPU(15)

LWC

Al AZ

C

DD

RS

XK

OL

D1,D2

U

RL

DF

I

5SS

SN

St

XN

XNPU

YR

6 DATA NPU

9 DATA DB

17 CALL INITIAL

18 DO 1 1=1,22

24 D03 i=1,22

27 DO2u=117

35 DF =
ECU,RS,RL)
EPS(RS,RL)

36 F(I) =

39 DOSU=15

43 D04 1=1,22

45 XN =

55 YR =

initial fog spectrum (cm™3 um~1)

size category boundaries (um)

constants for coalescence efficiency subroutine

LWC and concentration of initial fog spectrum

outer loop - - fog drop size for washout factor

inner loop - - spray drop size for washout factor
washout factor for particular size fog and spray drops
FUNCTION E is the collision efficiency

FUNCTION EPS is the coalescence efficiency

total droplet depletion factor from all spray drop sizes
outer loop - - time from O to 4 seconds

inner loop - - fog drop category for washout calcuiation
depleted fog drop concentration in category

visual range for depleted fog spectrum
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PROGRAM WSHB(INPUT,QUTPUT
C COMPUTES DEPLETION OF FOG BASED ON OAP DATA AT 802:09
DIMENSION D(22),DB(23),F(22)
REAL N(22).NPM(22}LWC
{ MEASURED FOG SPECTRUM NO. PER CC PER UM-DIAMETER INTERVAL
DATA NPM/1.26,.359,.209,.115,.0574,.0153,.00381,.000760,.000529.
* 000277,.000188,.000109,.000099,.000030,0,0,.000014,0,0,0,0,0/
{ DIAMETER CATEGORY BOUNDARIES IN MICRONS
DATA DB/7.1,17.,26.9,36.8,46.7,56.6,66.4,76.2,86.1,96.8,105.9,
0 *1156,1255,135.3,145.2,155,,165,,175.,185,,195,,205.,215.,225 /
11 P1=2 * ASIN(1.)
12C CONSTANTS (A1,A2) FOR EXP SPRAY DROP DISTR CORRECTED FOR AXIS RATIO
13 A1=2760

~ O 0 DU DWW -

14 A2=7.4277
] C=25*PI*A1
16 DD=10»**> 1
17 CALL INITIAL
18 DO 1 1=122

19 C DROPLET CONCENTRATION (NG/CC) & MEAN DIAMETER IN CATEGORY (MICRON)
20 N(D=NPM(D)*(DB(I+1) - DBUN

2 D(=5*{OBU+1) + DBUN

@2 t CONTINUE

23C WASHOUT LOOP -- EXPONENTIAL FACTOR {1 SEC DEPLETION FACTOR)

24 DO 31=122

25 RS=.00005*D(i)

26 F(i)=0.0

27 Do 2 J=1,17

28 XK=1.+ 1.2

29 DL=G1*10 **( . 1*XK)

30 C LOG CATEGORIES OF SPRAY DROP SIZE (10 PER DECADE)
31 D1=DL/DD

32 D2=DL*DD

33 U=961.8 - 1030 *EXP(-6.%DL)
34 RL=0 5*DL

35 DF=C*E(U,RS,RLI*EPS(RS,RL)*U*DL*DL*(D2-D 1 )*EXP(-A2*DL)
36 2 F()=F(l) + DF

37 3 CONTINUE

35 C  TIME LOOP TO GET QUTPUT (LWC, NO/CC, VIS RNG AND NO/(CC-LM))
39 DG S J=1,5

40 T=J-1

41 $5=SN=5L=0.0

42 PRINT 202

43 DO 4 1=1,22

44 RS=.00005*D(1)

45 XN=N*EXP(-T*F({1))

46 SN=5SN + XN

47 LWC=(1.76E6)* XN*PI»D(1)**3

48 SL=5L + LwC

49 XNPM=XN/(DB(I+1) - DB(I))

S0 5G9=585 + XN*RS* =2

51 4 PRINT 100,D{1},LWC,XN,55 ,XNPM
52 PRINT 102,5L,5N.5S

53 PRINT 200

S4C VISUAL RANGE (METERS)

55 VR=.03912/(2.*P1*SS)

o6 PRINT 106,T.VR

57 S PRINT 200

58 STOP

S5 100 FORMAT(F6.1F126F105F11.9F12.6)




60
61
62
63
64
65

102 FORMAT("TOTALS ="F10.6F105F11.9)
106 FORMAT("TIME (SEC)= ",F4.2,"VISUAL RANGE (METERS) = "F8.1)
200 FORMAT(" ")

202 FORMAT(" D(UM)  LWC(G/M3) N(/CCY  SSU/CM)

END
FUNCTION E(U,RS.RL)

66 C COLLISION EFFICIENCIES FROM BEARD AND GROVER (1974)

67
68
69
70
71
72
73
74
75
76
77
78
79
80
&1
82
83
84
a5
86
87

Qg
[e e W

39
30
N
92
93
94
95
96
Q97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117

—y

REAL K kO

P=RS/RL

RE=2*RL*U/ 1S
IF(RE.LT.400)60TO2

KO=21

GOTOA4

F=ALOG(RE)

G=- 1007-358%F+ 026 1 *F ** 2
KO=EXP(G)

K=p*p* Q98*RE/9./.0012
Z=ALOG(K/KO)
H=.1465+1.302*7-.607%Z* 2+ 293*Z**3
IF(H .GT.0.0)60TO 3
YCG=0.0

GO TO 1

YC0=(2./3.1416)* ATAN(H)
XX=YCO + P

E=(XX/(1 +P))* =2

RETURN

END

SUBROUTINE INITIAL

COMSTANTS £0D FIEINCTION EDS
AR AR LN B L AL B RV I AR IR A L) ¥ e e

oA T
o1~ N
BRIV A V)

PIUIN AI‘J,BO,
XN=.44
A0=+5.0740810
A1=-5.9360579
A2=+72737249
A3=-5.2863216
P=AZ/A3
Q=A1/A3
A=(3.*Q - P*P)/3.

EO=-P/3.
C=(A**3)/27.
BO=(2.*P*P*P - 9. *P*Q)/(2.%27) + AQ/(A3*2))

SRR WAL
LAt

B1=-1./(A3*2)
RETURN
END

FUNCTION EPS(RS,RL)

C COALESCENCE EFFICIENCIES FROM BEARD AND OCHS (1984)

COMMON  XN,BO,B1,C,EO
AS=R5* 10000.

AL=RL*10000.
BETA=ALOG(AS*(AL/200.)* *XN)
BE=BO + B1*BETA

A=SQRT(B*B + C)
X=(A-B)**(1./3)) - (A+B)**(1./3)
EPS=X+E0

IF(EPS.LT..5)EPS=5
IF(EPS.GT.1.)EPS=1.

RETURN

END

DN/DD(/(CC-UMN")
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D(um)
12.1
220
319
4138
51.7
615
713
81.2
a15

1014
1108
1206
130.4
140.3
150.1
160.0
1700
TOTALS =

TIME (SEC)= 50

D(um)
12.1
220
319
418
517
615
713
81.2
915

1014
110.8
1206
1304
1403
150.1
160.0
170.0
TOTALS =

TIME (SEC) = 1.00

LWC(gm™3)
008182
014101
024880
030606
028799
012793
004955
001470
001581
000958
000904
000689
000786
000297
000000
000000
000259
131261

Washout Model Output
OAP fog data (10/24/84, 0802:09, spray off)
GBPP spray data (10/25/84, 1210:53, corrected for axis ratio)

N(cm™3)
893133
254649
147071
80323
39917
10504
02611
00525
00395
00176
00127
00075
00068
00021
00000
00000
00010
14.29604

So(em™ )

000003242
000006309

000010039

000013539
000016202
000017135

000017527

000017613
000017696
000017741
000017780
000017807
000017836
000017846
000017846
000017846
000017853
000017853

VISUAL RANGE (METERS) = 348.7

LWC(gm™3)
005858
010103
017685
021593
020229
008962
003465
001027
001103
000668
000630
000480
000547
000207
000000
000000
000180
092737

N(cm™3)
6.39479
1.82454
1.04537
S6669
28040
07359
01826
00367
00275
00122
00089
00052
00047
00014
00000
00000
00007
1021338

sa(cm™)

000002321
000004519

000007170

000009640
000011510

000012205
000012437

000012498
000012555
000012587

000012614

000012633
000012653
000012660

000012660
000012660

000012665
000012665

VISUAL RANGE (METERS) = 4916

dN/dD (cm=3um~")
802154
257221
148556
081134
040320
010718
002664
000531
000369
000193
000131
000076
000069
000021
000000
000000
000010

dN/dD (cm™3um™")
645939
.184297
.105593
057241
028323
007509
001863
000371
000257
000135
000091
000053
000048
000014
000000
000000
000007




D(pm)
12.1
220
319
418
51.7
615
713
812
915

1014
1108
1206
1304
140.3
150.1
1160.0
170.0
TOTALS =

TIME (SEC) = 150

D(um)
12.1
220
319
418
517
615
713
812
915

101.4
1108
1206
1304
140.3
150.1
160.0
1700
TOTALS =

TIME (SEC) = 2,00

LWC(gm™3)
004195
007239
012570
015234
014210
006278
002423
000717
000770
000465
000439
000334
000381
000144
000000
000000
000125
065524

N(cm=3)
457864
1.30727
74305
39880
19696
05155
01277
00256
00192
00085
00062
00036
00033
00010
00000
00000
00005
7.29684

so(cm™h)

000001662
000003237
000005121
000006863
000008177
000008664
000008827
000008869
000008909
000008931
000008950
000008963
000008977
000008982
000008982
000008982
000008985
000008985

VISUAL RANGE (METERS) = 6929

LWC(gm™3)
003003
005187
008935
010748
009882
004398
001694
000501
000537
000324
000306
000233
000265
000100
000000
000000
000087
046300

N(cm™3)

327829
93665
52815
28207
13836
03611
00893
00179
00134
00060
00043
00025
00023
00007
00000
00000
00003

521330

o (cm)

000001190
000002318
000003658
000004887
000005810
000006151
000006265
0000062594
000006322
000006337
000006350
000006360
000006369
000006373
000006373

000006373

000006375
000006375

VISUAL RANGE (METERS) = 9766

dN/dD (em™3pum~1)
462489
132048
075055
040384
019895
005260
001303
000259
000180
000094
000064
000037
000033
000010
000000
000000
000005

dN/dD (cm~Sum~")
331140
094611
053349
028492
013975
003685
000911
000181
000125
000065
000044
000026
000023
000007
000000
000000
000003
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D(pm)

12.1
220
31.9
418
S1.7
615
713
81.2
815
1014
110.8
120.6
130.4
140.3
150.1
160.0
170.0
TOTALS =

D(um)

12.1
22.0
31.9
41.8
S51.7
61.5
71.3
81.2
915
101.4
1108

ana -~

120.6
130.4
140.3
150.1
160.0
170.0
180.0
190.0
200.0
210.0
2200

TOTALS =

Parameters from Droplet Spectra

LWC(gm™>)

011428
019680
035003
043381
040997
018262
007086
002105
002267
001374
001297
000990
001129
000428
.000000
000000
000373
.185800

OAP data for 802:09
N(cm™3) So(cm™h)
12.47400 .000004528
3.55410 000008809
2.06910 000014056
1.13850 000016018
56826 .000022808
.14994 000024225
03734 000024700
00752 000024824
00566 000024842
00252 000025007
00182 000025063
00108 000025102
.00097 000025143
00030 000025158
.00000 000025158
00000 000025158
00015 .000025168
20.01126 000025168

VISUAL RANGE (METERS) = 247 .4

LWC(gm™3)

003728
008333
018088
024331
025070
013010
008872
.006759
006042
003383
003739
002470
003004
002360
002672
000581
004476
001432
.000607
.000000
.000000
001260
140216

OAP data for 809:34

N(cm™3)
4.06890
1.50480
1.06920
63855
34749
.10682
04675
02416
01509
00621
00526
00269
00259
00163
00151
00027
00174
00047
00017
00000
00000
00023
7.84451

o (em™t)

000001477
000003290
.000006001
000008784
000011101
000012111
000012705
000013103
000013419
000013578
000013739
000013837
000013947
000014027
000014112
000014130
000014255
0000142383
000014309
000014309
000014309
000014336
000014336

VISUAL RANGE (METERS) = 434.3

dN/dD(cm™3um™")
1.260000
353000
209000
.115000
057400
015300
003810
000760
000529
000277
000186
000109
000099
000030
.000000
000000
000015

dN/dD(cm™3pum™1)
411000
.152000
.108000
064500
035100
010900
004770
002440
001410
000682
000542
000272
000264
000165
000154
000027
000174
000047
000017
000000
000000
000023




D
(um)

12.1
220
319
418
S51.7
615
713
812
915
1014
1108
1206
1304
1403
150.1
160.0
1700
180.0
190.0
2000

Darameator
Pyaramelel

dN/ddnD
(cm™3)

270
170
140
120
090
130
120
067
120
080
070
075
065
060
050
040
037
030
020
010

LWC
(gm=3)

000216
000432
000742
001089
001248
002528
003135
002290
005629
003918
004363
005653
005674
006120
005782
005363
005600
005091
003781
002095

TOTALS = 070752

N
(cm™3)

23574
07802
04387
02859
01730
02076
01652
00818
01406
00719
00613
00616
00489
00424
00327

50282

from OAP Data on Spray

eters
(10/25/84, 1210:53)

20
(em~1)

000000086
000000180
000000291
000000415
000000531
000000727
000000937
000001072
000001366
000001550
000001738
000001962
000002170
000002378
000002562
000002722
000003015
000003110
000003160

000003160

VISUAL RANGE (METERS) = 19705

dN/dD
(cm=3um~1)

023812
007880
004432
002888
001748
002118
001686
000827
001314
000790
000632
000622
000499
000428
000333
000250

N YaYa o K E=]

MUVLIO
000167
000105
000050
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A6.0 THERMAL RELAXATION TIME CONSTANT FOR DROPS

Suppose a water drop having an initial temperature, Ti’ is released at some height, z, above the
ground so that it falls through an incremental volume of air having a temperature, T, and a saturated
water vapor density (absolute humidity) p s(Ta)' Assume that this same volume of air contains N other
water drops or fog droplets at the temperature T,. As the drop falls through the volume, a distance,

Az, in a time, At, water vapor from the air condenses onto the drop if the drop temperature is initially
colder than the air (T; < T,) or the water drop partially evaporates providing additional water vapor to

the air if the drop temperature is initially warmer than the air (T; > T,). In this case a vapor density
gradient [ps(Ti) - ps(Ta)] exists, directed from the drop surface which is at higher temperature Ti and
higher vapor density py(T;) to the air at T,, pS(Ta). Subsequent evaporation decreases the mass of the
drop so that it leaves the volume with a mass (m; -~ Amg); the subscript d denotes mass lost by diffusion.

Since the mass of water evaporated from the drop increases the vapor pressure of the air, a new
vapor pressure gradient must be established between the water surfaces of the other drops and the sur-
rounding air, In this case, the other drops grow in response to this vapor gradient until a new equilib-
rium condition between drops and air is achieved. Therefore, for T; > T,, the direction of water mass

transfer is from the larger, faster falling, warmer water drops to the vapor, and then, from the vapor
to the other smaller, slower falling, cooler water drops.

As the previously described large warm drop falls through an incremental volume it evaporates and
cools due to the escape of the most energetic water molecules. This evaporative cooling is supplemented
by direct heat conduction and convection losses to the air, as well as by collection of cooler drops
through the coalescence process. Hence, there is a net transfer of both heat and water vapor from the
evaporating drop to the air. This excess water vapor then recondenses onto the other cooler drops within
the incremental volume. The water vapor condensing on these remaining drops releases latent heat of
condensation in proportion to the quantity of vapor deposited resulting in a slight temperature increase
for each of these drops. With continued fall into successive volume elements the drop temperature
approaches the temperature of the air with a relaxation time constant characteristic for its size. Figure
A6-1 illustrates the net transfer of water vapor as a function of drop fall distance for both the case where
the spray drops are initially warmer than the ambient air and the case where they are colder than the
air. Up (down) arrows indicate net transfer of water vapor from (to) that particular size spray drop or
fog droplet. It should be noted that the distance required for water drops falling in air to approach their
terminal fall speed is piunarily a funciion of drop size. When released trom rest under atmospheric con-
ditions of P = 700 mb and T = 10°C drop diameters of 200, 400, 600, 800 um, 1.0 mm, 2.0 mm, and
4.0 mm assume 99 percent of their terminal fall speed within a distance 0.18, 0.90, 2.1, 3.6, 5.4, 12.6,
and 19.8 m, respectively [24].

The thermal relaxation time constant for water drops falling freely through air [25] is given by

R2 pL Cp
"T3[K+1 D (dp/dD)] (1]

(A6.1)




where
R = drop radius (cm)
p, = density of liquid water=1 g cm™3 for water
Cp = specific heat of the drop = 1 cal g'l °c! for water

K = thermal conductivity of air = 6.05 x 10 cal cm! s'1 °C’! at +15°C

L = latent heat of condensation = 588.9 cal g'1 at +15°C

D = diffusivity of water vapor in air = 0.249 em? 51 at +15°C and 1000 mb

Ps(Tarop) — Ps(Tair)

(dp/dT)S = the mean slope of the saturated vapor density =
(Tdrop - Tair)

f = the ‘“‘ventilation factor” for mass transfer .

In the formulation of Kinzer and Gunn
f=[1 +F(Ng.Nge/4m®-3]

where

F = non-dimensional number given by Kinzer and Gunn

2RU
NRe = Reynolds number = .
v

where R is the drop radius, U is the drop velocity, and v = 0,148 em? s71 is the kinematic viscosity of air
at +15°C and 1000 mb, NSc = Schmidt number = v/D, where v and D are the kinematic viscosity and

water vapor diffusivity, respectively.

The values of the non-dimensional ‘“ventilation coefficient,” F, given by Kinzer and Gunn were
only approximate. More applicable values for the “ventilation factor,” f, are obtained from the formulas
{26,27]

f=1+0.091 Nge (for small drops D << 120 um)

and

f=0.78 +0.275 (Ng,)°- (for large drops D > 120 um)

The calculations which follow use these latter values.
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As an example, assume a large warm water drop having a temperature of +25°C is suddenly
injected into an environment where the air temperature is +15°C. The time required for the drop tem-
perature to change from 25°C to 18.7°C, i.e., a change of 63 percent of 25°C minus 15°C is given by

equation (A6.1). If the equivalent drop diameter is 4.0 mm then the terminal fall speed is 8.8 m s'l,
f~ 14 and

pg(T = 25°C) - p((T = 18.7°C)
(25.0°C - 18.7°C)

(dp/dT) = =1.116 x 100 g cm™ °¢’1

The time constant for a 4.0 mm drop is then 7 ~ 4.2 sec. Similarly, 3.0, 2.0, and 1.0 mm diameter
drops have time constants of 2.8, 1.7, and 0.7 sec, respectively. Of course four time constants are
required for a drop to assume 98 percent of the temperature of the environment. These relaxation times
apply regardless of the magnitude of the initial temperature difference between the drop and the air.

If sweepout of smaller drops through the coalescence process is considered, these relaxation times are
somewhat shorter.
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Figure A6-1. While falling spray drops are relaxing to the ambient air temperature net transfer
of water vapor takes place. Up (down) arrows indicate net transfer from (to) a
particular size drop.
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A7.0 WATER PARTITIONING: VAPOR, SPRAY, FOG

The mass of water evaporated from the falling water spray drops before they achieve thermal
equilibrium can be approximated using the equation

dm/dt = ~(47Rf) D [pg(Trop) = Ps(Tair)] (A7.1)

where
R = equivalent spray drop radius (cm)
f = the “ventilation factor” for mass transfer (see Appendix A6.0)
D = diffusivity of water vapor in air
ps(Tdrop) = the saturated vapor density at the drop temperature
pg(T,;p) = the saturated vapor density at the air temperature

and the negative sign indicates evaporation.

Assume that initially the drop temperature is 20°C and the air temperature is 16°C as in the
observed natural fog case. For R = 2 mm (the approximate ‘“‘effective’” mean radius of the curtain

spray drops used in the MSFC field tests), Npo0-3 ~ 49, p(Tgro0) = 17.30 g m™>, p(Ty;) = 13.63 g

m'3, D = 0.25 cm? s'l, and dm/dt = -3.2 x 107 g sl As was seen in Appendix A6.0 the thermal
response time constant for this large a drop is about 4.2 sec. Therefore, as a first approximation, a single

5

drop loses a mass dm = (3.2 x 10™ g s'l)(4.2 s) =13 x 104 g. Since the original drop mass was m =

4/3 w R3 pL = 3.3 x 102 g, the percentage of change in drop mass due to evaporation is
dm/m x 100% = 1.3 x 10%/3.3 x 1072 = 0.4% .

Applying this same percentage change to all the spray water implies a loss rate of 25 1 sl (400 gpm)

per 6300 1 s (100,000 gpm) of spray. Of course, the actual amount of water spray converted to vapor
can not exceed that amount corresponding to saturated air at the final mean temperature of the air.
However, water can be transferred from large warm drops to smaller cooler drops within the spray curtain
by this mechanism as discussed in Appendix A6.0. For this temperature (16°C) the saturated air contains

13.6 g m3 of water vapor. For a clearing volume of 107 m3 this implies a total of 1.36 x 107 liter

(36,000 gallons) of water in the form of vapor initially. For typical wind speeds, i.e., 1 to 2 m s'l, a

clearing volume of this size would be replaced with advected air roughly once per minute. Since a

3

typical fog has a liquid water content of about 0.1 g m™ this same clearing volume would have contained

103 titer (260 gallons) of water in the form of fog droplets.
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A8.0 SURFACTANT/SURFACE TENSION EFFECTS

This section addresses the potential for improving the fog washout process by reducing the surface
tension of the spray water through the addition of a surfactant. It deals with the reduced surface tension
effects on the spray drop size spectrum, on the collection efficiency, and, finally, on the fog washout
rate and resultant visibility improvement.

The surface tension of falling spray drops determines the shape and thereby the terminal velocity
of the drops; that is, the ratio of surface tension forces to hydrodynamic forces determines the sphericity
of the drop. Water drops falling at terminal velocity are nearly perfect spheres if d, the diameter of the

equivalent volume sphere, is less than about 280 um (NRe < 20). Above this size the hydrodynamic

forces begin to deform the drops slightly so that they resemble oblate spheroids. The ratio of minor
to major axis, dv/dh, is about 0.98 for millimeter sized drops, Np, ~ 260, and it decreases to 0.85

as the diameter increases to 2.8 mm. At this point the Reynolds number is of order 1.4 x 103 and the
drop begins to flatten on the bottom. As the size is increased the flattening becomes more pronounced
and a concave depression develops in the base of the drop. If the size is increased further, the
concavity deepens until at some critical point the drop becomes hydrodynamically unstable and break-
up occurs. At breakup the concavity expands explosively into a thin bubblelike surface which ruptures
into many small drops. The portion of the drop surrounding the concavity forms a ring-like structure
which breaks up into a few large drops. For water in still air the critical (equivalent sphere) diameter
is about dj; = 9 mm [24].

For falling, non-interacting drops the ratio of the aerodynamic pressure of distortion to the
intrinsic pressure is given by the dimensionless Weber number, Ny,. The Weber number is a measure of

the relative strength of the aerodynamic pressure difference across a drop in separated flow (~0.5 p, U2)

to an internal opposing pressure from Laplace’s equation for mechanical equilibrium for a curved surface
(~2 o/Ro). Instability results from exposure to an external pressure increase from air blast, or for

interacting drops, an external pressure increase from collisions (~0.5 py AU2). In these equations, p, is
the density of the air, U the terminal fall speed of the drop, o its surface tension, R the radius of the
equivalent volume sphere, py the density of water, and AU the change in drop speed due to a collision.

Since for the plain deluge nozzles the primary drop forming mechanism is aerodynamic breakup,
it would appear that a reduction in the liquid surface tension should result in production of smaller
drops. As was discussed earlier, smaller drops have higher collection efficiencies for fog droplets as well
as represent a much larger total collecting surface area for the same mass of spray water. Therefore,
reducing the surface tension should result in increased fog washout.

This effect can be quantified by developing the mathematical expressions for conservation of
mass and energy flux of the untreated and treated water sprays. The spray mass flux per size interval
is UM N dD. Hence, the assumption that the mass flux is unchanged by the effect of a surfactant

(consistent with constant input mass flux Q/A), leads to a relation between untreated and treated spray
given by

a f U D3 exp(-bD) dD = a’ [ U D3 exp(-b'D) dD

Note that all symbols have the same definitions as given in Appendix A2.0. The prime indicates the
corresponding parameter for the treated spray.
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At a given height the gravitational potential energy is fixed and the kinetic energy flux is deter-
mined by the assumptions of constant mass flux and constant terminal fall speed. lhus, a constant
energy flux for untreated and treated spray is found from the surface energy fluxes as

o an D2 exp(-bD) dD = ¢’ a'fU D2 exp(-b'D) dD

Values of a' and b’ for the spectrum of treated spray can be determined from the two conservation equa-
tions resulting in a’ ~ 16a and b’ ~ 2b for ¢’ = o/2.

Integration of the flux conservation equations (for D = 0 to o), results in fza/b4 = f'2a'/b’4 for
mass flux, and fla/b3 = f'Ia'/b'3 for energy flux so that

b’ = (a/a")b(f]/E)(E"2 /"))

Since the fractional loss of fog droplets [Fp = (1/n)dn/dt] at a constant volume flow rate is
FD = -(EQ/2A)bf 1/f2, the effect of surface tension can be estimated from

Fp'/Fp = (E'b'/bE)(f/f1)(f') /f'5) = (E'/E)(0/0")

Thus, the enhancement of fog washout for ¢' = 0/2 assuming the collection efficiency (E) is unaffected
by the change in surface tension is simply FD' = 2FD, i.e., halving the surface tension doubles the fog
washout.

It is important to know the accuracy of the assumption that the collection efficiency is
unaffected by the change in surface tension. A simple estimate of the altered size distribution on collec-
tion efficiency can be made using the effective drop size as determined in Section 5.0. The effective
drop size was found to be R = 2.2 mm (based on the measured water spray spectrum). The result for
a surface tension altered to ¢' = ¢/2 is R' = 1.1 mm. Thus, the effective collection efficiency changes
from E(R) to E'(R"). Both the collision (E) and coalescence (¢) efficiencies may be appreciably altered
in such a size change, so the collection efficiency (E= E €) must be considered in two separate aspects.
Also, the coalescence efficiency may be directly affected by a change in surface tension.

For simplicity consider R = 2 and R' = 1 mm and fog droplets of r = 5, 10, and 20 pum. The
collision efficiencies for 2 mm are E = 83, 96, and 98 percent, and for I mm are £’ = 80, 95, and 98
percent [20]. Thus, it is a good assumption to treat the collision efficiencies as constant for this
problem,

The coalescence efficiency (€) has not been measured for these sizes — nor has the collection
efficiency (E). However, measurements have been made for R ~ 0.05 to 0.5 mm and r ~ 10 to 20 um
for freely falling drops [28, 29], and for R ~ 0.5 to 1.8 mm and r = 35 um with the large drop
suspended on the end of a capillary tube [30].

The results of the two studies are quite contradictory (although the size ranges do not overlap).
The free fall studies indicate a strong decrease in the coalescence efficiency as the sizes R and r increase,
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whereas the capillary study shows a decrease in the coalescence efficiency only with r. The semiempirical
formula from the capillary experiment is € = (l+r/R)'2, so that € = | for the sizes considered here.

Extrapolation of the free fall findings using the formula given in Beard and Ochs {17], results in
€ = 71, 48, and 25 percent for R = 2 mm, and € = 80, 60, and 32 percent for R’ = 1 mm (both for
r =5, 10, and 20 um). Thus, the effect of a reduced mean size from a surfactant (where o' = 0/2) is
to increase the coalescence efficiency by about 25 percent for larger fog droplets. This increases the
collection efficiency by a comparable amount since E ~ € and results in a surfactant enhancement of
washout for large fog droplets given by

F'p = (E'/E)0’/0)Fp = (1.25)(2)Fp) = 2.5Fp

However, this result does not include any direct effects of surface tension on the coalescence efficiency.

An assumption that has proven useful in scaling the coalescence efficiency is to make use of the
fact that e = € (R, Nwe), ie., the coalescence efficiency is the same as long as the collector drop radius

and the Weber number are the same [31]. Thus, the direct effect of surface tension can be estimated
using NWe’/NWe = g/o’ (i.e., R and therefore U are fixed).

The efficiencies given earlier in this section for R' = 1 mm are adjusted from the original Weber
number to a higher one given by NWe’ = 2 Nyy,- The altered efficiencies are obtained at R = 1 mm and

a droplet size of 2r (to yield twice the Weber number at fixed surface tension). Estimates of these effi-
ciencies are € = 60, 32, and 15 percent for r = 5, 10, and 20 um. This is a reduction in efficiency of
about 32 percent for large fog droplets when compared to the spray unaffected by surfactant (i.e., where
€ =71, 48, and 25 percent).

The increase in coalescence efficiency which results from the surfactant induced decrease in mean
size of the spray spectrum tends to be compensated by the decrease in coalescence efficiency from the
direct influence of surface tension. This conclusion is based on extrapolation of semiempirical results
from data on freely falling drops with R < 0.4 mm. The alternative experiment (with a capillary
supported large drop and r = 35 um) also leads to a similar conclusion for a weak effect of surfactant on
coalescence efficiency since € ~ 1. However, this conclusion is also based on extrapolation. Thus, the
findings in this section are somewhat uncertain with regards to the coalescence aspect of the collection
efficiency and the resultant dependence of E on surface tension. At this stage it is reasonable to treat
the collection efficiency as consiant when assessing tfog washout by spray drop distributions affected by
a surfactant.

Recall from Section 5.0 that model calculations based on the “measured” water spray drop dis-
tribution showed that the visual range in the fog increased to a range of 430 m in 0.82 sec of washout.
Model calculations were made using a hypothetical spray drop distribution treated with surfactant to
reduce the surface tension to one half its original value. Figure A8-1 shows the increase in visual range
with time for fog removal by untreated and treated spray. The lower curve is that for the untreated
spray. The upper curve is that for the treated spray. The visual range for the treated spray is 430 m
after 0.45 sec of washout. It takes only one half the time to achieve the same increase in visual range
using the treated spray as it does using the untreated spray. The visual range increases considerably for
washout by the treated spray in a comparison at the same processingtime. At 1 sec the range is increased
by a factor of 1.8 (from 490 to 860 m). At 2 sec the range is increased by a factor of 2 (from 970 m
to 1900 m). This finding indicates that a surfactant treated spray may improve fog removal significantly
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' since it could greatly enhance visibility for the available processing time. The most important model
| findings are a 50-percent reduction in the iocal clearing time from the effect of surfaciant and a sig-
" nificantly improved visibility for a fixed washout time over the untreated spray (a factor of about 2).

The effect of surfactant concentration on surface tension has been briefly considered for
1-decanol [32]. This substance is a simple chain alcohol (CH3 based) with a boiling point of 229°C

and a density of 0.83 g cm3. The quantity of 1-decanol needed to achieve a 50 percent reduction in

surface tension is about 24 mg L'l, i.e., about 25 gallons per 1,000,000 gallons of water. (In contrast,
the more complicated compound, laury!l sulfonic acid, requires 20 times the concentration to achieve
the same effect.] Alcohol chains longer than 1 decanol achieve the same reduction in surface tension at
a lower concentration (one added group decreases the required concentration by about one-half). A
detailed search for a suitable surfactant must include such parameters as potential environmental impact,
foaming, availability and cost.
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Figure A8-1. The computed effect on fog removal for treating the water spray with a surfactant.
The washout calculation for the visual range of the untreated spray is the same as discussed
for Figure 5-1. The treated spray drop distribution was obtained by altering the untreated

spray drop distribution to maintain constant fluxes of mass and energy with a
reduction in surface tension of one-half.
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A9.0 PRELIMINARY FOG DISPERSAL PROJECT OUTLINE

PROJECT OVERVIEW

I. Phase A: Feasibility Assessment
A. MSFC Warm Fog Dispersal Study (Completed)
B. Cost/Benefit Ratio: KSC and VAFB
II. Phase B: Operational System Design
A. Fog Measurements at KSC Shuttle Strip and VAFB
B. Concept Engineering of Operational System
C. Field Test of Method
D. Final Concept Definition

III. Phase C: Final Design For Full Scale Implementation
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PROJECT OUTLINE
I. Phase A: Feasibility Assessment
A. MSFC Warm Fog Dispersal Study (Completed)
B. Cost/Benefit Ratio: KSC and VAFB

1. Fog frequency and characteristics
-Evaluate existing data

i) Fog frequency/type
ii) Fog droplet spectra
iii) Visibility/visual range
iv) Wind speed/direction
v) Atmospheric stability
2. Launch/landing delay costs
II. Phase B: Operational System Design
A. Fog Measurements At KSC Shuttle Strip and VAFB
1. Fog frequency/type
2. Fog droplet spectra
a. Particle sizing probes (examples)
i) PMS-FSSP (3 to 47 um) with aspirator
ii) PMS-OAP260-X (10 to 600 um) with aspirator and coincidence rejection
iii) PMS-CSAS (0.5 to 3 um) with aspirator

b. Data system (example)
-PDS-400 (4 probe version)

¢. Recording instrumentation (example)

i) Tape transport/formatter with software
ii) Printer/plotter with software

3. Visibility
a. Transmissometers
b. Forward scatter visual range meters

¢. Slant visual range
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4. Wind
a. Speed

b. Direction
-Prevailing wind during fog events

5. Temperature
a. Air
b. Water

6. Height of inversion

B. Concept Engineering of Operational System

1. Analytical studies to optimize clearing efficiency

a. Reduce mean drop size of spray

i) Surface tension
i) Nozzle design improvements

Fog nozzles and deluge nozzles intermixed in the array

Increase collection efficiencies via electrical charging
d. Optimize the array of nozzles

1) Spacing
ii) Air circulation

e. Evaluate impact of temperature differences between spray and air

2. Pumps and drivers

a. Total flow rate required is determined by:

i) Faog removal efficiency
ii) Visual range requirement

iii) Cleared volume required
-Length of runway to be cleared

-Height of clearing
b. Head pressure influences
i) Spray projection height
i1) Spray drop size and fog removal efficiency

iii) Energy requirements
iv) Cost
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c. Large units/small units trade-off
i) Minimize capital costs

-Cost per unit
-Number of units required

ii) Minimize operation costs
-Number of operators required
~-Energy requirements
~Maintenance
-Shelters required

iii) Maximize reliability
-Impact of unit failure

vi) Portability/versatility considerations

3. Nozzles and monitors
a. Best type(s)

i) Optimum drop sizes
ii) Maximum projection height

b. Flow capacity/quantity trade-offs
i) Uniform spray curtain
ii) Spray induced air circulation
iii) Cost
4, Water system
a. Reservoir
i) Capacity
ii) Location
-Nearby
-Optimally underground
iii) Cost
b. Distribution

i) Lines from pumps to nozzles
ii) Valving

c. Drainage

i) Runoff collection
ii) Return to reservoir

d. Injection of surfactant
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5. Development testing
a. Alternate nozzles
b. Effect of surfactant on spray height/drop spectra
c. Required particle sizing probes (example)

i) PMS-GBPP (0.2 to 12 mm)
ii) PMS-OAP260-X (10 to 600 um) with aspirator and coincidence rejection
iii) PMS-FSSP (3 to 47 um) with aspirator

C. Field Test of Method
1. Planning
a. Site Selection

i) High incidence of fog
-High probability of fog in short test period
-Repeat tests varying one parameter at a time
ii) Readily accessible recyclable water supply
-Good drainage
-Permits surfactant testing
iii) Logistics support

b. Test period selection
-Period of highest incidence of fog varies from site to site
-Test period as short as possible but at least five weeks

c. Required instrumentation/measurements

i) Fog spectra measurements
-Particle sizing probes, data system and recording instrumentation
ii) Visibility
-Transmissometers
-Forward scatter meters
-Slant visual range
iii) Wind
-Speed
-Direction
iv) Temperature
-Air
-Water
v) Height of inversion
vi) Atmospheric stability
vvi) Spray induced air circulatic ntimize nozzle array
-Smoke tracer
-~-Handheld anemometer
-Doppler lidar
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d. Required support equipment
i) Large volume pumping system (~60,000 gpm)
ii) Water distribution system
~-Water lines
-Valving
iii) Nozzles and monitors
iv) Water pressure and flow instrumentation
e. Personnel

f. Transferability of results
-Fog spectra differences

2. Conduct field test
a. Long lead procurements
b. Site preparation
¢. Test

3. Ahalysis of results

D. Final concept definition

a. Cost/benefit ratio
b. Design/implementation concept definition
i) Water recirculation
-Difficult to change temperature of very large volumes
ii) Clearing height/volume required for STS
¢. Environmental quality issues
2. Generic
a. Cost/benefit ratio
b. Design/implementation concept definition

¢. Environmental quality

III. Phase C: Final Design For Full Scale Implementation
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